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INTRODUCTION 
1. 
CHAPTER I. 
The nitration of aromatic compounds has ueen performed on an 
industrial scale since the turn of the century. The rapid 
development of nitroaromatics as explosives and their use today in 
the dye industry and as intermediates in organic syntheses makes 
nitration an important, large scale process. The importance of 
nitration as a model.electrophilic aromatic substitution reaction 
for the investigation of electronic effects in organic molecules 
led to it being studied in great depth in the homogeneous phase. 
Until recently, however, there was a sparse amount of information 
on the industrially significant two phase reaction with mixed 
. sulphuric and nitric acids and little attempt had been made to 
apply the results of kinetic experiments in a single phase to the 
phenomena observed in two phase batch and continuous nitration plants. 
In the last few years, however, much progress has been made 
arid a better understanding of the processes involved in these systems 
is now possible. The rates of nitration in a miniature stirred batch 
reactor and stirred cell containing pure toluene and chlorobenzene 
have b.een successfully interpreted on the basis of Danckwerts' 
1 Surface Renewal Theory of mass transfer. Many of the factors which 
affect the rate in these systems have been investigated and suitable 
rate equations tested experimentally. Despite the progress, however, 
the results obtained are not totally conclusive and several anomalous 
features have become apparent. The object of this work is to account 
for these features and hence try to substantiate the Theory of 
Danckwerts as applied by Cox and Strachan to the nitration of aromatics 
in two phase systems. 
2. 
1.1. HOHOGENEOUS NITR~TION 
The nitration of aromatic compounds has played a significant 
role in the development of the electronic theory of organic chemistry. 
A vast amount of literature is nOt, available on the reactions of 
benzenoid compounds with nitric acid under a wide variety of 
conditions. Ingold and his collaborators2 first established the 
existence of the nitronium ion as the effective electrophile in 
organic solvents such as nitromethane and acetic acid. They accounted 
for the characteristic features of the reactions in terms of a 
mechanism involving the production of the nitronium ion from nitric 
acid followed by its attack on the aromatic ring: 
HN03 fast + -HN03 + ~ H2N03 + N03 ........ 1 < 
I 
+ k1 
"- NO + H2O 2 H2N03 + ........ , k' 2 
-1 I 
NO + ArH 
k2 
ArN02 3 2 + ') ........ 
Here, the comparatively slow heterolytic fission of the nitric 
acidium ion, H2N03+, is preceded by the fast proton exchange between 
two molecules of nitric acid •. Under most conditions the rate 
determining step is the electrophilic attack of nitronium ions on 
the aromatic substrate and the overall rate is dependent on both the 
concentration of nitric acid and the aromatic substrate. 
In aqueous sulphuric acid, the so called mixed acid system, 
the first step is replaced by the reaction of a nitric acid molecule 
with a sulphuric acid molecule. The equilibrium concentration of 
nitronium ions increases rapidly with sulphuric acid strength such 
3. 
that in ca.90 per cent acid the nitric acid is fully ionized to 
nitronium ions3• Nitronium ions are observed in such solutions 
4 -1 by the appearance of a band at 1 00 cm in the Raman spectra. 
The band, however, is not detectable in solutions below 85 per cent 
sulphuric acid. The continual effectiveness of the nitronium 
ion mechanism in acid strengths lOHer than 85 per cent has be.en 
inferred from correlations of the rate of reaction \1ith the acidity 
of the medium. Schofield and coworkers4correlated the observed 
second-order rate coefficient for the nitration of a series of 
activated substrates with the modified acidity function 
-(HR + loglO~ 0) where ~ 0 is the activity of water and ~, the 
2 2 
acidity function, is based on the ionization of model tri-aryl 
carbinol compounds. 
+ .......... 4 
This equilibrium closely resembles the combination of Equations 1 
and 2 which may be written: 
NO + 
2 ........... 5 
If it be assumed that the ionizing characteristics of nitric acid 
are similar to those of the organic indicators used to define the 
scales of acidity, then close correspondence between the acidity 
dependence of nitration and ~ would suggest that Equation 5 is 
applicable. Schofield and cO->lorkers5 obtained excellent straight 
line correlations over the range 60-84 per cent sulphuric acid 
between the logarithm of the second-order rate coefficient, k2' 
and -(HR + loglO~1 0) for a wide range of substrates (Figure 1). Deno 
2 
4. 
Fig.l Dependence of k2 on - (HR+log10 ~20) for a number of substrates. 
% H1 SO", 
63'2 68'3 75'3 80·0 
log,.k, 
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- (HA + log,.a. 0) _ 
• 
Nitration.at 25·C in aqueous sulphuric acid. 
A. Mesitylene x; B. naphthalene (o); C,toluene (0); D. benzene (~). 
and co-workers6found that between 58 and 93 per cent sulphuric acid 
HR and percentage sulphuric acid are linearly related. The dependence 
of k2 on the activity of water was explained5 by the assertion that 
in this particular acid range nitric acid exists predominantly as 
the monohydrate. 
The effect of molecular diffusion upon the rate of nitration 
of reactive substrates was first discussed by Schofield4 • The 
observed second-order rate coefficient, k2 , was found to approach 
the theoretical limit due to encounter between two molecules in 
a concentrated sulphuric acid solution. A large number of reactive 
substrates, having a wide range of reactivity, were found to nitrate 
at about the same rate at 25°C in 68.3 per cent sulphuric acid 
(Table 1). 
TABLE 1. 
SUBSTRATE k20bserved /1 mol-1 s-1 
kf predict1'd I mol"'l s-
Benzene 0.058 1 
Toluene 1.0 23 
Diphenyl 0.92 35 
p-xylene 2.2 50 
o~xylene 2.2 60 
m-xylene 2.2 400 
Hesitylene 2.1 16,000 
Naphthalene 1.6 300 
Phenol 1.4 104 
5. 
The value of the bimolecular ram coefficient for encounter, k , 
e 
may be estimated from the equation7: 
k 
e 
= 
3RT 
3'7 ........ 6 
where R is the Ideal Gas Constant, T is the temperature (K) and ~ 
is the viscosity (Poise). This is related to the observed second-
order rate coefficient for nitration by the ratio of the equilibrium 
concentration of nitronium ions to the stoicheiometric concentration 
_ of nitric acid in 68.3 per cent sulphuric acid: 
= . k 
e 
........ 7 
In 68.3 per cent acid the concentration ratio can be estimated4 
-8 6 8 -1-1 to be ca. 10 and k Ca. x 10 1 mol s ,so that the limiting 
e 
rate coefficient should be ca. 6 1 mol-1 s-1 This is in good 
agreement with the observed value of ca. 21 mol-1 5-1 Schofiald 
introduced the concept of an encounter pair (e.p.) and visualized 
a modified reaction scheme as follows: 
HN03 + H+ > NO + + H2O 8 , 2 ........ 
k 
NO + ArH e , (e.p. ) 9 2 + '< • ........ 
(e.p) ) Products ........ 10 
Under encounter controlled conditions step 10 is much faster than step 
9 and the rate coefficient for nitration is given by Equation 7. 
6. 
I'fuether or not nitration is governed by encounter control, k2 
increases rapidly with increasing sulphuric acid strength (Figure 1) 
since the concentration ratio [N02 +] 
[HN03]st 
-8 
rapidly increases from ca.10 
in 68.3 per cent to 1 in 90 per cent sulphuric acid. The ease of 
ionization of nitric acid in sulphuric acid strengths between this 
range accounts for the use of this mixed acid system in the two phase 
industrial process. 
1.2. TI'IO PHASE NITRATION 
In contrast to the more traditional homogeneous kinetic work, 
nitrations performed in batch or continuous reactors, with the two 
virtually immiscible phases agitated into a fine dispersion of droplets, 
are relatively rare. Furthermore, many of the early studies were 
based on assumptions that have proved to be false and have not stood 
rigorous criticism. Also, much interest was centred on the isomer 
proportions of the nitro-products since this is of some economic 
importance. 
TI'io early papers on the subject came to similar conclusions. 
8 Lewis and Suen studied the reaction of benzene in both a batch and 
continuous reactor whereaS HcKinley and Vlliite9 concentrated on 
toluene nitration in a continuous reactor. Both groups recorded a 
high temperature coefficient of about 2 for a change of 100e which 
pointed to the kinetic control of the overall rate and the elimination 
of mass transfer resistances. Lewis and Suen assumed that reaction 
took place in both phases whereas I1cKinley and White considered that 
only reaction in the acid phase I,as significant. 10 Brennecke and Kobe 
nitrated toluene in a continuous stirred tank reactor and also found 
11 
a temperature coefficient of about 2. Barduhn and Kobe found that 
7. 
the nitric acid solubility in the organic phase had the effect of 
reducing the quantity of nitric acid available for nitration in the 
acid phase but they considered nitration in the organic phase 
unlikely. This has since been confirmed by Cox and Strachan for 
the nitration of chlorobenzene12• 
Hanson, Harsland and \>Iilsoh~ in a critical review of the 
subject, re-examined much of this early work and 'concluded that the 
evidence for pure kinetic control of the rate was doubtful. The 
effect of temperature, they argued, was very complicated and cannot 
be used as conclusive proof. Wilson,14working on the nitration 
of toluene in a miniature continuous stirred reactor, found 
temperature coefficients between 1.92 and 1.45 for 120 C intervals. 
I 
These were of a similar magnitude to those obtained by previous 
~Iorkers who claimed to have eliminated mass transfer resistances. 
Hanson and co-workers,13also properly drew attention to the fact 
that I1hilst there was an enormous amount of evidence to show that 
the nitronium ion mechanism applied in homogenous phase systems, no 
comparable evidence existed for the two phase industrial process. 
The contribution of Hanson and coworkers, with their acceptance 
of some mass transfer resistances being present whatever the conditions, 
. 1'12 15 16 \ led the way for the work of Cox and Strachan' , , • They 
determined the rate of nitration of chlorobenzene and toluene in a 
miniature stirred batch reactor and a stirred cell and successfully 
applied the Surface Renewal Theory of Danckwerts17,18to the data. 
This work will nO'." be discussed in some detail. 
8. 
1.3. DANCKlfERTS' SURFACE RENEI1AL THEORY. 
Danckt.,erts' Surface Renewal Theory is not the only model for 
the treatment of results from systems where mass transfer is accompanied 
by chemical r~action. The Film Theory, developed by Lewis and I1hitmanl9 , 
and the Penetration Theory, proposed by Higb±e20 , as well as other 
treatments have all been used. Ho\~ever, the Surface Renewal Theory 
is the most widely used and was by adopted by Cox and Strachan for 
their systems. 
The Surface Renewal Theory is an extension of the Penetration 
Theory and was initially developed and used with gas-liquid absorption 
systems. The mathematical details have been dealt with in great detail 
by Astaritll. 
. 
Danckwerts pictured turbulent eddies of liquid, 
located at the interface between both phases, that continually mix 
the liquid at the interface into the bulk of the continuous phase and 
expose fresh surfaces to the gas for varying lengths of time. The 
rate of m8ES transfer is governed by the lifetime of these elements 
and not the motion of the liquid beneath the surface. Danckwerts 
assumed that the diffusion process in each element was governed by 
Fick's 2nd Law: 
........ 11 
solution to this differential equation is well known and leads to an 
expression for the concentration gradient at the interface, which 
determines the rate of mass transfer into the liquid phase. The 
instantaneous rate of mass transfer is then expressed by the 
equation, involving the lifetime. (t) of an element: 
9. 
• v = (0 - G ) b ......•........ 12 
~lhere o· and ob are the equilibrium and bulk ooncentrations of 
solute in the continuous phase. Danck\;crts proposed that the lifetimes 
of the elements varied between t and t+dt and that, under constant 
conditions of turbulenoe, the rate of surfaoe renel-lal should be 
oonstant and equal to s. The average rate of absorption is given by: 
............ 13 
where p (t) is an age distribution function. If the rate of 
disappearance of an element of a oertain age is simply proportional 
to the number of elements of that age, then: 
-f}J 
dt = sp ....•........ 14 
Integration of this equation and substitution into Equation 13 followed 
by further integration from time equal to zero to time equal to 
infinity gives: 
...•.•.•• 15 
where~ is the mass transfer coefficient in the absence of chemical 
reaotion. This equation applies only when the reaction rate is fast 
enough to keep the oonoentration of the solute down to zero in the 
bulk but not fast enough to prevent aocumulation at the interface. 
If, ho\;ever, the concentration profile is maintained throughout 
the greater part of the element~ life, because chemical reaction is 
so fast as to prevent further accumulation, the concentration gradient 
at the interface is dependent upon the chemical rate constant. The 
diffusion process for a first-order or pseudo-first-order reaction 
10. 
is n01'1 governed by the follmling: 
= kc ...........• 16 
The solution to the above equation gives us an expression for the 
gradient at the interface, again, and hence the average mass transfer 
rate: 
v = C· JDk ••••••••••••• 17 
The overall rate of mass transfer is then seen to depend on 
two competing factors; the physical diffusion rate (measured by ~) 
and the chemical reaction rate(measured by k). The competition gives 
rise to the slow reaction diffusional regime and the fast reaction 
regime. In a system where the reaction rate may be varied over a wide 
range without an eppreciable variation in the physical conditions 
(i.e. viscosity) these regimes may be sharply defined. This was found 
to be true for the two liquid phase system in 'the nitration of aromatics 
.lith mixed sulphuric and nitric acids; where a 10 per cent increase 
in sulphuric acid strength leads to an increase of ca.l04 in the 
second-order rate coefficient, k 2 , >Ihile at the same time the 
viscosity varies by only a factor of ca.2. 
Cox determined the initial rate of nitration of toluene and 
chlorobenzene at 25°C in a 500 ml batch reactor agitated at 2,500 -
-1 2,800 rev.min by a spectrophotometric method betvleen 60 and 80 
per cent sulphuric acid. A plot of initial rate versus per cent 
acid is shown in Figure 2. For both aromatics a gradual incline 
was observed at the low acid strengths (Kinetic regime) followed by 
a plateau region, where acid strength had little effect on the rate of 
reaction (Slow reaction diffusional regime) Hhich in turn gave way 
11, 
.... , 
= 
Figl Initial rate of nitration v'ers(Js' percentage sulp'huric acid for chlorobenzene 
and toluene in the s'tirred reactor 
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to a region ,<here the rate was observed to increase dramatically 
over a small range of acid strengths (Fast reaction regime). Each 
regime will now be considered separately. 
1.4 KINETIC REGIHE 
In this regime the rate of reaction is so slow compared with 
the diffusional rate that the aromatic substrate concentration in the 
continuous acid phase is maintained at its equilibrium value, i.e. 
it takes the saturation value. The concentration profile near the 
interface under these conditions is shown in Figure 3(a). Assuming 
that the customary second-order reaction kinetics applies the overall 
rate is given by: 
..........•. 18 
"here [ArH J: is the saturation concentration of aromatic substrate 
in mixed acid media at a particular temperature. This equation'is 
identical to that wLich applies in the homogeneous system and is 
independent of any of the physical conditions of the system. 
Cox and Strachan12 performed a series of stirred reactor runs 
'~th chlorobenzene in 70.2 per cent sulphuric acid using low concent-
rations of nitric acid (0.032 mol 1-1). Good pseudo-first-order 
behaviour was observed. The effect of temperature on the pseudo-first-
order rate coefficient Has measured and gave an overall activation 
-1 
energy of 20.9 + 0.1 kcal mol • This ~las in excellent agreement 
,.,ith the value of R 
-k
2 
A + ~ 
+uH "hich was equal to 20.93 - 0.3 kcal mol • 
sol 
This agrees with the prediction that under these conditions kinetic, 
and not mass transfer, control is in force according to Equation 18. 
12. 
Fig] Concentration profiles for the different regimes 
(a) The kinetic regime 
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15 
A similar series of runs "as performed In th toluene. Due 
to the vastly different reactivities of the t"o aromatics it was 
necessary to dilute the organic phase with an inert solvent. Also 
due to the vastly different reactivities chlorobenzene itself 
provided the most convenient solvent for this purpose. The dilution 
resulted in a corresponding decrease in the acid phase concentration 
of toluene and hence the rate of reaction. This could then be 
folloHed by conventional kinetic means. The subsequent logarithmic 
pseudo-first-order plots were not, however, perfectly linear. 
During the early stages of reaction a curvature was present which 
suggested that mass transfer control was beginning to compete with 
the previous domination of kinetic control. Assuming a steady state 
is quickly reached and maintain~d, such that the rate of mass transfer 
of toluene to the acid phase and its rate of reaction are exactly 
balanced, the following is true: 
I k <X [TJs 
a L T a - [TJ ) = ,a ....... 19 
whereJ(T is the mole fraction of toluene in the organic phase. 
I 
Assuming that both a andiCr are constant, then the rate of 
nitration in the transition region between kinetic and slow reaction 
diffusional regimes is given by: 
= ~k2 a/YT [TJ: [HN03 ] 
k2LHN03]+ a' IT, ..... 20 
The relative magnitudes of k2 [HN03]and a
l ~ determine the extent 
to which the reaction is kinetically or mass transfer controlled. From 
the results of Cox and Strachan it 11as evident that k2 [mr031 was no 
. . , longer neglisible in compar~son w~th a ~ and in the early stages of 
reaction the rates were reduced belO'.~ that expected if pure kinetic 
control Has in progress. 
13· 
1.5. SLOW REACTION DIFFUSIONAL REGIHE 
Figure 3(b) shows the concentration profile for the slow 
reaction diffusional regime. Under conditions where the rate of 
reaction is fast enough to keep the concentration of aromatic in the 
bulk of the acid down to zero but not fast enough to prevent accumulation 
of toluene at the interface the mass transfer rate is independent of 
the kinetic rate coefficient (and hence nitric and sulphuric acid 
concentrations) and is governed by Equation 11. This leads to the 
rate equation for reaction in the slow reaction diffusional regime: 
........ 21 
1.6. FAST REACTION REGIME 
In this regime the reaction is fast enough to prevent 
accumulation and the concentration profile is maintained throughout 
, . 
the greater part of an elements life (Figure 3 (c». The steepness 
of the profile, the concentration gradient at.the interface, does, 
ho"ever, depend on the kinetic rate coefficient. The greater the rate 
coefficient the steeper the gradient. The mass transfer rate is 
governed by Equation 16 and for pseudo-first-order nitration the 
rate equation is: 
........ 22 
The dependence of the rate On the root of the pseudo-first-order rate 
coefficient, k '= k2 [Hrl03],results in a steep rise in the rate with 
sulphuric acid strength. 
1. 7. INTERHEDIATE REGION BETilEEN 8LO'.1 DIFFUSIONAL AND FAST REACTION 
REGIHES. 
In this intermediate region the diffusion process is governed 
by both the rate of accummulation of solute and its rate of reaction: 
14. 
= 
dc 
dt + kc 
molecular transport = accumulation + reaction. 
• ••• e' ••• 23 
Solution of this equation is complicated18but it leads to 
a simple expression. The rate is simply given by the sum of the 
physical mass transfer and kinetic terms inside the root signs in 
Equations 21 and 22: 
.. -..... 24 
Equation 24, known as the Danckwerts equation, can, under 
suitable conditions, be used to obtain values of the parameters 
at and ~ in two phase systems. i Use of the equation in gas-liquid 
22 
systems was made by Danckwerts, Kennedy and Roberts who studied 
the absorption of carbon dioxide by alkaline solutions in a packed 
column and obtained good correlations for the square of the rate' 
versus the kinetic rate constant. Sharma and coworkers applied the 
equation to mechanically agitated liquid-liquid contactors with the 
fast pseudo-first-order alkaline hydrolysis of formate esters23. 
They used it to determine the interfacial area produced in a 
continuous flow stirred reactor under a wide variety of conditions. 
Huch of the pioneering work has been reviewed by the two principal 
exponents of the teChnique, Sharma and Danckwerts24, and they continue 
to publish work in this fieli5,26,27,28,29. 
If the interfacial area per unit volume is known, as is the 
case with two immisible liquids stirred slO\;ly in a stirred cell, 
the equation may be used to accurately determine the diffusivity and 
mass transfer coefficient in the absence of chemical reaction. The 
importance of the Danckwerts equation in the design of batch reactors 
15. 
and contactors is easily appreciated. Cox and Strachan1applied the 
equation to the t\~O phase nitration of toluene and chlorobenzene 
in both a stirred reactor and a stirred cell. In the former system 
there ~laS little trouble in determining the appropriate acid strengths 
over which the Danckwerts equation applied. Figure 2 shows clearly 
the transition region between fast reaction and slow reaction 
diffusional regimes for both aromatics. Danckwerts plots were 
drawn using the rate data in this region together with values for 
the ~aturation concentration30,3lof aromatic and second-order rate 
coefficient4 ,32 for nitration at each acid strength extrapolated from 
the data of previous w.orkers. The Danckwerts plots, shown in Figure 
4, were constructed assuming the follOwing: 
= ........ 25 
where the nitric acid concentration remained fixed for each run.at 
-1 0.56 mol 1 of acid phase. Good straight line correlations were 
. I 2 
obtained in each case with the intercept and slope gLven by (a ~) 
and ~~, respectively (Table 2). 
TABLE 2 
SUBSTRATE SLOPE/s-l INTERCEPT/s-2 
Toluene 1.9 x 10-5 4.75 x 10-3 
Chlorobenzene 2.275 x 10-4 .·25.0 x 10-4 
I Since none of the three paraoeters, a , kL and D, involved in 
Equation 25 was known with any accuracy a series of nitrations 11as 
performed at various strengths in a stirred cell. Essentially, this 
consisted of a small reactor in '"hich only the acid phase 11as gently 
stirred at 65 rev.min-l to give a virtually flat interface with organic 
phase above it. The rate of reaction was determined by the same 
16. 
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spectrophotometric method used with the stirred reactor. The interfacial 
area per unit volume of acid phase >TaS constant and calculated from 
4 2 -3 the internal diameter of the vessel to be 0.202 cm cm • Figure 5 
shows the effect of sulphuric acid strength on the initial rate of 
o 
nitration of toluene and chlorobenzene in the stir~ed cell at 25 C. 
Figure 6 shows the subsequent Danckwerts plots assuming that Equation 
25 applies over the same acid range as for the stirred reactor. Table 
3 gives the values of the slope and intercept of the least-squares 
lines through the points together with estimates of D and ~.assuming 
the above measured interfacial area per unit volume of acid phase. 
TABLE 3. 
SLOPE/S-l INTERCEPT/s-2 2 -1 kifcm,s -1 SUBSTRATE D/cm s 
Toluene 1.31 x 10-9 16.3 x 10-7 0.32 x 10-7 6.3 x 10-3 
Chlorobenzene 34.25 x 10-9 3.25 x 10-7 0.84 x 10-6 2.8 x 10-3 
T\'IO major questions arise from this work'. First, as shown by 
the plots of initial rate versus percentage sulphuric acid (Figure 5) 
in the stirred cell, a plateau region, corresponding to the slow 
reaction diffusional regime was not observed with either aromatic. 
A decrease in the acid strength leads to a continuous lO"lering of the 
initial rate well below that which might be expected. This was matched 
by a tailing off from the least-squares lines drawn in the Danckwerts 
plots, at low values of k2 [llN0
3 
] • 
Secondly, the diffusivity of toluene was many times 10\1er than 
that of chlorobenzene (Table 3) \1hich itself was a further ten times 
lower than often quoted typical values of ca.10-5cm2s -1. 21,33 This 
ten fold decrease in the diffusivity of chlorobenzene was explained 
satisfactorily by Cox and Strachan in terms of increased viscosity 
17. 
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of the medium. There is an inverse dependence of diffusivity on the 
viscosity of the continuous phase, in this case, concentrated sulphuric-
nitric acid-water mixtures. They estimated the diffusivity of toluene 
and chlorobenzene as a function of sulphuric acid strength using the 
modified Wilke-Chang Equation proposed by Perkins and Gea~~oPlis34 
for a mixed solvent system: 
D = ........ 26 
where D = diffusivity of solute in the mixed solvent. 
M = mean associated molecular weight for a mixed solvent1 
1 = viscosity of the solvent (cp) 
T = temperature (K) 
v = molar volume of solvent. 
The values obtained are listed in Table 4. They are. very 
similar for both aromatics and correspond closely to the experimentally 
determined value for chlorobenzene in the stirred cell over this acid 
range. Furthermore, they fit closely with values based on direct 
experimental determination of-diffusivities by workers at Bradford 
University35. They determined the diffusivity of toluene at low 
sulphuric acid strengths, at 30oC, by a laminar-jet method and derived 
an empirical expression for the dependence of it on viscosity: 
D = ( 4) -0.8 0.92 + 0.0 N
n 
1 ........ 
where N is the normality of nitric acid. It:is worth noting the 
n 
change in the exponent of the viscosity from -1.0 to -0.8 compared 
with that in the Wilke-Chang expression and the small influence of 
the nitric acid term. Some of the Bradford ,;orl{ers' results, with 
11 equal to zero, are included in Table 4 for comparison. 
n 
18. 
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TABLE 4. 
% H2S04 Dlcm 
2 -1 2 -1 
s Dlcm s 
TOLUENE CHLOROBENZENE 
5.0 -6 
1 
10.12 x 10 
14.0 -6 9.82 x 10 
21.5 ref. 35 4 -6 9.3. x 10 
38.0 -6 
J 
7.07 x 10 
63.5 6 -6 2.5 x 10 
69.6 1.36 x 10 -6 
7J..8 ·1.22 x 10 -6 
71+.4- 4 -6 1.0 x 10 1.05 x 10 -6 
76.35 0.92 x 10 -6 0.94 x 10-6 
76.85 0.90 x 10 -6 
77.5 8 -6 o. 7 x 10 
77.75 8 -6 o. 5 x 10 0.8? x 10-6 
78.J. 0.83 x 10 -6 
T LL5 o. , 8 -6 O. 1 x 10 8 -6 O. 3 x 10 
79.3 0.80 x 10 -6 
?9~3 0.77 x 10 -6 
80.3 -6 0.75 x 10 
The very 10>1 diffusivity of toluene compared to chlorobenzene 
in the stirred cell remained unexplained, however. So also the somewhat 
higher value for its mass transfer coefficient in the absence of 
chemical reaction. The t"IO anomalous results were considered to stem 
from the one effect; a low value for the slope of the Danckwerts 
plot for toluene compared to chlorobenzene. A factor of ten in the 
slope results in a factor of ten in the diffusivity since the forr:ler 
. . b 12 D lS glven y a • 
19. 
An identical effect was observed \;i th the stirred reactor. 
In the case of chlorobenzene the value of the diffusivity obtained 
from the stirred cell \,as inserted into the stirred reactor 
ilancb,erts slope. -3 -1 The value of 3.0 x 10 cm s for ~ obtained is 
in excellent agreement \'Iith that found in the stirred cell and 
associated \,i th such systems generally36 •. The interfacial area per 
uni t volume of acid phase \,as considerably larger than· that used 
in the stirred cell, as one \,ould expect, and had the value of 
2 -3 cm cm • Toluene, however, gave a slope some ten times lower 
than that of chlorobenzene in the stirred reactor. 
1 Cox suggested that the difference between the two aromatics 
was the result of solute-solvent interaction \'Ihich affects toluene 
but not chlorobenzene. He considered that in a highly solvating 
medium such as sulphuric acid the solvation of the o-complex (Hheland 
Intermediate) of toluene, with an inherent increase in the effec~ive 
volume, Cfu"l account for the low experimentally observed diffusivity 
in the hlo phase systems. The exact quantitative effect of such 
solute-solvent interactions is difficult to estimate. Clearly, 
though, this explanation is difficult to reconcile with both observed 
-6 2 1 
and calculated diffusivities for toluene of ca.lO cm s-, at this 
acid strength. Another explanation must be sought. 
To summarize; there are two problems that require further 
investigation. Firstly, the absence of a plateau due to the slow 
reaction diffusional regime in the stirred cell. Secondly, the 
suppressed rates of nitration of toluene compared to chlorobenzene 
in both two phase systems over the range 70-80 per cent SUlphuric 
acid. It was with these two problems in mind that the follo\;ing 
work 'das undertaken. 
20. 
EXPERINENTAL 
21. 
CHAPTER 2. 
This chapter consists of a description of the apparatus and 
chemicals used in the experimental work together with a general 
description of the procedures. Precise details of conditions employed 
at each stage are to be found in the appropriate chapters of results. 
2.1. PREPARATION OF AQUEOUS SULPHURIC ACID. 
Aqueous solutions of sulphuric acid were made up by the addition 
of a" known volume of concentrated sulphuric acid (Analar grade, s.g. ca. 
1.84) to chilled distilled water. The composition '~as determined by 
"titration with standard sodium hydroxide using methyl orange as 
indicator and also oacasionally by density measurement with a 
Gallenkamp model hydrometer (1.60 - 1.65 density range). 
2.2. STIRRED CELL RUNS. 
( 1· The stirred cell Figure 7) was that used by Cox and consisted 
of a cylindrical, parallel-walled flask of 250 ml capacity and internal 
diameter 6.61 cm. A two-necked lid gave access for a stirrer, driven 
by an electric motor (Fisons S.A. 41bs per square ins., 1/30 H.P). 
and for sample removal. The cell was mounted in a water bath held at 
+ 0 
a constant temperature - 0.2 C. Various shapes and sizes of stirrer 
were used. For most of the runs involving nitration a 6 cm diameter 
turbine stirrer was used. For the mass transfer runs, however, an 
almost square flat-bladed propeller was preferred. This gave a more 
effective agitation of the bulk of the acid phase. The speed of the 
stirrer ~Jas estimated visually and its position held constant in the· 
acid phase (the lO"Jer phase) ca.lmm beneath the interface. Prior 
to a run the acid phase, contained in the stirred cell, and a quantity 
of the organic phase, held in a flask, ,<ere equilibrated at the 
desired temperature in the v/ater bath. The stirrer motor was started 
22. 
Fig~ The Stirred Cell 
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and the organic phase pipetted slO\,ly onto the acid phase to start 
the run. A stop-watch was started half-~Iay through the addition. 
Two types of run were performed and for each a different sampling 
technique was necessary. 
(a) DErEilllINATION OF THE RATE OF NITRATION 
In this CaSe the accumulation of nitroproduct in the organic 
phase was followed by sampling the organic phase at regular intervals 
of time with a syringe (Summit, 1 ml or Hamilton, 59-"1). A known 
volume of organic phase was then immediately diluted with hexane 
(Fisons, Spectroscopic grade) and its absorbance measured in a 1 cm. 
silica cell at a sui table wavel'~ngth on a Hilger and Watts H.700 
spectrophotometer against a hexane blank. 
(b) DETERMINATION OF THE PHYSICAL MASS TRANSFER COEFFICIENT. 
Here, the accumulation of the un-nitrated organic phase i.e. pure 
toluene (S.D.!!. Analar grade) or chlorob~nzene (B.D.!!. Reagent grade) 
in the bulk of the acid phase (Aqueous sulphuric acid only) was 
observed by Irlthdrawing samples of the acid phase through the organic 
phase at regular intervals of time.· For this purpose, after the 
stirrer had been momentarily stopped, a 5ml pipette fitted \nth a 
pumpette I,as used to withdrm, sufficient acid phase each time to fill 
a lcm silica cell directly. The absorbance was measured as before, at 
a maximum in the benzenoid band for the aromatic, versus a distilled 
water blank. Great care was taken in this procedure to ensure as 
little disruption of the flat interface between the two phases whilst 
sampling and the acid was replaced immediately after its absorbance 
had been measured. 
2.3. STIR,.qED REACTOR RUNS. 
The stirred reactor ",as the unbaffled 500 ml, three-necked, 
round-bottomed flask that Cox used1 (Figure 8). It ",as stirred by 
23· 
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means of a two-bladed glass propeller (2 cm diameter) driven at high 
speed by a variable speed electric motor (Voss, 1/30 H.P). The 
reactor ~1aS mounted in a similar water bath to that used with the 
stirred cell. The speed of the stirrer "Ias measured with a 
stroboscopic tachometer (Dawe Instruments stroboflash, type 1200 E). 
Prior to a run the t\~O phases were equilibrated at the required 
temperature, the acid phase in the reactor and an excess quantity 
of the organic phase in a separate flask. The stirrer \;as then 
started and the run initiated by the addition of the required amount 
of organic phase to the acid phase ,with a pipette and the simultaneous 
- starting of the stop-watch. Samples of the dispersion were,blown over 
at regular intervals of time through sampling probes, by the gentle 
application of air pressure, into iced distilled >later where the two 
phases were allowed to settle out. A fresh probe was used for each 
sample. A quantity of the organic phase was then withdrawn by syringe, 
diluted \dth hexane and its absorbance measured at a suitable wavelength 
as before. 
2.4. DE'I'ERHINATION OF THE SOLUBILITY OF AROI1ATICS IN AQUEOUS SULPHURIC 
ACID. 
The method of Cox 1 was followed. The stirred reactor vias used 
to mix equal quantities of aromatic and aqueous SUlphuric acid at 
the required temperature. After about 2 hours agitation the stirrer 
motor was stopped and a glaffi tube, having a closed end of thin glass, 
!'as inserted into the flask through into the acid phase. The two 
phases !'ere allol-Ied to settle out overnight. A glass rod was then 
inserted into the tube and the end gently broken. Gentle application 
of air pressure allowed samples of the acid layer to be blown over 
into a flask, held in the !'ater bath, without contamination by the 
organic layer above it. A sample of this \'laS then \d thdrmffi by pipette 
and delivered into a l1eighed graduated flask. The flask was rev,eiGhed 
24. 
and the dissolved organic phase extracted once with hexane. ,The 
absorbance of the extract was measured, at a maximum in the benzenoid 
band for the aromatic, versus a hexane blan.0., 
2.5. CALIBRATIOlI FACTORS 
To convert the above absorbance changes per minute for ,the 
stirred cell and reactor runs into initial rates, in moll-Is-I, it 
was necessary to multiply by a conversion factor. To 'establish this 
1 
value Cox made up a mixture of mononitrotoluenes (or mononitro-
chlorobenzenes) having the same composition as the reaction products 
,i.e. 59 per cent ortho, 4 per cent meta and 37 per cent para in the 
case of toluene (33 per cent or';ho, 1 per cent meta and 66 per cent 
para for chlorobenzene). A series of toluene (or chlorobenzene) 
, 
solutions of this mixture was accurately prepared and each solution 
was analysed in exactly the same way as a reaction sample. In each 
case a plot of absorbance versus percentage conversion was linear 
up to at least 30 per cent conversion. 
2.6. STOPPED-FLOW SPECTROMETRY. 
The instrument used \;as a Nortech SF-3A "Cante::-bury" stopped-
flow spectrometer. It consisted of a corrosion resistant silica 
and glass flow system with "Teflon" taps (a large part of which was 
suspended in a thermostatically controlled (!O.OOloC) water bath), 
a light source and photomultiplier unit (Figure 9). The substrate 
solutions were stored in reservoirs above two glass syringes which 
Here connected to 'glass thermostat coils,beneath the level of the 
\;ater bath. The t\'IO syringes could be closed simultaneously by 
opening a large piston which had its flat face in contact with both 
syrinr;e plungers. This forced liquid through the flm; system and mixed 
the tHO solutions rapidly in the, silica optical cell. Spent solution 
flO'.;ed out through the other side of the cell into another syringe 
25· 
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I·,hich was forced open. The flow was suddenly interrupted when the 
plunger of the outlet syringe hit a back-stop fitted with a microswitch. 
The formation of nitroproducts in the optical cell I~as follot.ed 
by conventional spectrophotometric means. A quartz-iodine light 
source (Nortech, LS-l), operating over the visible region and into the 
ultra violet region of the spectrum, was employed. Light was channelled 
from the source through a focussing and filter unit and then to the 
optical cell, situated beneath the level of water in the thermostatically 
controlled water bath, by means of a silica fibre light guide. The 
output from the cell was channelled back up to a fast response 
photomultiplier (Nortech, PM-l) and its output displayed on an 
oscilloscope. The oscilloscope was externally triggered by the depression 
of the microswitch on the back-stop. Two oscilloscopes were employed. 
For much of the work a storage model was used (Advance, 032200) whereas 
for photographed runs a conventional oscilloscope (Hewlett-Packard, 
130C) fitted with a polaroid camera (Hel<!ett-Packard, 196 B) and fast 
film (Polaroid, type 107) was necessary. 
The light from the source I,as filtered by two methods. For some 
of the early runs a wide spectrum glass filter (Chance-Pilkington 0Xi) 
and infra-red ~Iater cell were placed between the focus sing unit and 
the converging lens leading to the light guide. For the majority of 
runs, hOI~ever, these "ere replaced by a grating monochromat or I,i th 
variable slit liidth (Nortech, NG-l). In many cases, especially with 
high amplification of the input signal to the oscilloscope, some 
degree of electronic filtering of noise was required. This was made 
possible by use of a filter unit supplied l1ith the photomultiplier unit. 
Some discretion was necessary in its use to avoid da~ping or distortion 
of the oscilloscope trace. At all times the filter time constant "TaS 
kept equal to or below the time-base setting on the oscilloscope. For 
26. 
example, if a time-base of 10ms ~Ias used a typical filter setting 
;/Ould be 3ms. lfuere possible the use of the filter "as avoided 
altogether. 
2.7. A TYPICAL STOPPED-FLOH RUN. 
1. Two graduated flasks containing aqueous sulphuric acid were 
equilibrated at the desired temperature in a water bath. 
2. The nitric acid solution was made up by the addition of nitric 
acid (Analar grade, ca.69.5 per cent, s.g. 1.42) to one of the above 
flasks from a pipette and shaking. The aromatic substrate solution 
was made up last by the dropwise addition of aromatic from a syringe 
(Hamilton, 5O~1) onto the surface of the sulphuric acid contained 
in the other flask and vigorously shaking for 5 minutes. The solution 
was all0l1ed to settle for a further 30 minutes. 
3, The flow system was blown dry with a stream of nitrogen for 
two hours. 
4. Both reactant reservoirs "ere filled vIi th a different solution 
"hich was pushed around the flow system to the outlet by the repeated 
opening and shutting of the inlet syringes. The solutions "ere then 
allo"ed to equilibrate inside the flow system at the desired temperature. 
5. To prepare for a run both inlet syringes "ere filled up and 
their piston heads allowed to rest. against the flat face of the driving 
piston. Their taps "ere opened to the flo" system only. The outlet 
syringe "]as emptied and its tap opened to the fl0l1 system. 
6. A run ,<as initiated by a rapid opening of the driving piston 
"ith the hand until the outlet piston rammed up against the back-stop 
and the microsl;i tch l;as depressed. An accumulation tro.ce was observed 
on the oscilloscope screen. 
7. After each run the outlet syringe '1as quickly emptied and 
the rnicros'tli tch released. 
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8. A linear trace, representing the absorbance at infinite time, 
'Jas obtained by manual depression of the microsl;i tch some appreciable 
time after the run. (The time 'Jas dependent upon the half-life 
of the reaction but was always greater than ten half-lives). 
RESULTS 
CHAP'fER 3. 
HASS TRANSFER IN THE. ABSENCE OF CHEHICAL REACTION III THE STIRRED CElL. 
The mass transfer coefficient in the absence of chemical reaction, 
~, was determined as described in Section 2.2(b). A 20 ml quantity 
of chlorobenzene or toluene was stirred at 50 rev min-l with 170 ml 
of aqueous sulphuric acid at 25°C in the stirred cell. The ultraviolet 
absorption of the aromatic in the acid phase was determined at 262nm 
in the case of toluene and 265nm for chlorobenzene. Three runs 'iere 
performed at the highest acid strengths possible, although low enough 
to avoid any appreciable sulphonation during the course of the run. 
This was checked by comparing the ultraviolet absorption spectrum of 
the acid phase at the end of a run with that of pure aromatic in 
aqueous sulphuric acid. Each run showed a typical exponential increase 
in absorbance, A, with time from which linear plots of In (Aro ) 
/Aeo-A 
versus time were constructed (Figure 10). The slope of each plot, when 
I 
set equal to a ~, allowed ~ to be determined since the interfacial 
I 2 -3 
area per unit volume of acid phase, a , was equal to 0.2024 cm cm • 
Table 5 lists these values of ~ together with the aaturation solubility, 
[ArHJ:, of aromatic in aqueous sulphuric acid. The latter values were 
obtained from the absorbance at infinite time, A"" by calibration of 
the absorbance ,dth standard solutions of aromatic in aqueous sulphuric 
acid. 
TABLE 5 
AROI1ATIC %H2S04 ycm s 
-1 [ArH]S mol 1-1 [ArH] :;,,101 l-l(ref .1) 
a 
Toluene 65.55 -4 1.99 10-3 2.07 10-3 1. 95xlO x x 
Toluene 70.70 -4 2.23 10-3 2.28 10-3 2.71xlO x x 
-4 10-3 -3 Chloro- 70.35 1. 73xlO 1.73 x 2.ll x 10 
benzene 
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The mass transfer coefficients in the absence of chemical 
-4 -1 
reaction \'Iere observed to fall in the range 1-3 x 10 cm s 
This is some ten times lower than that obtained from the Danckwerts 
plots for the stirred cell when appreciable chemical reaction is 
taking place (Table 3). The saturation solubilities are, however, 
1 in good agreement with those previously reported by Cox (Table 5), 
and interpolated from data obtained by the more precise, orthodox 
procedure involving extraction of the aromatic from the aqueous 
sulphuric acid follo\'Ied by spectrophotometric analysis. In the light 
of these results the difference observed by Cox between stirred cell 
and stirred reactornitrations; the absence of a plateau region due 
to the slow reaction diffusional regime and the tailing off of the 
Danckwerts plots at low acid strengths, may be explained. 
Transition from fast to slow reaction occurs when k2 [IHl03] 
2 becomes less than ~ ID. The Danckwerts plots for the stirred 
reactor and stirred cell indicate that 11; appears fairly constant 
over the fast reaction regime with much the same value in the stirred 
cell system as in the stirred reactor. Since the same concentration 
of nitric acid \,as used in both systems and k2 depends solely on the 
sulphuric acid strength, the transition to the slow reaction diffusional 
regime would be expected to occur in the stirred cell at about the 
same strength of sulphuric acid as it does with the stirred reactor. 
The transition should lead to R/[ArH]s becoming constant and equal 
a I 
to a ~. Figure 11 shows the stirred cell behaviour which might be 
expected for chlorobenzene On the basis of data obtained from the 
Danckwerts plot (dashed line). The plateau regime ~Iould be expected 
to extend to much lOHer sulphuric acid strengths than observed with 
the stirred reactor since transition to the kinetic regime will not 
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occur until k2 [mr03] becomes less than a
l ~ .•• I Since a for the stirred 
cell is some 80 times smaller than for the stirred reactor, transition 
to the kinetic regime is not expected until sulphuric acid strengths 
belm' the 70 per cent mark are reached. 
Figure 11 clearly shows that this behaviour is not follolied. 
Instead R/[CB]S falls continuously as the sulphuric acid strength is 
a . I 
lowered and no plateau is ever reached (full line). Since a is 
fixed, l<r, must fall with the rate of chemical reaction in the stirred 
cell from its value of 2.8 x 10-3 -1 in the fast reaction regime, cm s 
. to ca. -4 -1 1.73 x 10 cm s , when· little or no chemical reaction is 
taking place. An exactly similar behaviour is observed liith toluene. 
In the stirred reactor system ~ does not fall with the rate of 
chemical reaction but is maintained throughout the fast and slow 
reaction regimes giving rise to the observed plateau of the slow 
reaction diffusional regime (Figure 11). 
It is clear thQt in the stirred cell chemical reaction promotes 
good surface renewal which mechanical agitation alone cannot sustain. 
Stirred cell systems containing I,ater as the continuous phase have 
observed mass transfer coefficients in . -3 -136 the region of 10 cm s • 
The concentrated sulphuric acid medium encountered here has an 
inherently lower mass transfer coefficient and this is thought to be 
largely due to the high viscosity of this medium compared to that 
of Imter. However, the factors affecting the value of the mass 
transfer coefficient in stirred cell systems are numerous and the topic 
will receive a more detailed discussion later in the thesis. 
31. 
Frg .11 !WeB]: versus percentage sulphuric acid for the 
nitration of chlorobenzene in the stirred cell 
and the stirred reactor. 
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CHAPTER 4 
CHANGE IN THE KINErIC ORDER OF NITRATION ':IITH RESPECT TO TOLUENE 
IN THE T',IO PHASE SYSTEH. 
4.1. DEPENDENCE OF INITIAL RATE OF NITRATION ON 'rIlE COMPOSITION 
OF THE ORGANIC PHASE IN THE STIRRED REACTOR. 
The initial rate of nitration of toluene in the stirred 
reactor was determined with various solutions of toluene in 2,2,4-
trimethylpentane as the organic phase as outlined in Section 2.3. 
Pure 2,2,4-trimethylpentane (Fisons Spectrograde reagent) was used 
as a diluent because of its high baiing point of 99°C, its unreactivity 
towards concentrated acids and its transparency to ultraviolet light 
at the .1avelengths to which measurements were confined. The acid 
phase consisted of 300 ml of 76.50 per cent sulphuric acid to which 
was added 0.90ml of nitric acid (Analar grade, S.g. 1.42) to give a 
solution 4.70 x 10-2 mol 1-1 in nitric acid. The sulphuric acid 
was kept below 100C during the addition to avoid the production of 
nitrosyl-sulphuric acid. The amount of nitric acid added was so 
small that no correction was applied to the sulphuric acid strength 
for the water added with the nitric acid. The organic· phase comprised 
50ml of a solution of toluene in 2,2,4-trimethylpentane. Organic 
phase compositions in the range 0.25-2.00 volume per cent were employed. 
All runs were performed at 250 C and with a stirring speed of 2,500 rev 
. -1 
m1n • About l2 ml samples of dispersion were blown over into equal 
volumes of iced water. Samples of the organic phase (0.5ml) were 
diluted to 10 ml with hexane and their absorbance measured at 350nm. 
Linear plots of absorbance versus time were observed in the initial 
stages of reaction'. The slopes of the least-squares lines through 
the points, in absorbance min-l , Here converted into initial rates 
-1 -1 
of nitration, in molls , by multiplying by the conversion factor 
32. 
4 -4 of 2.3 x 10 • This was obtained in a similar manner to that 
described in Section 2.5 with the synthetic mixture of nitrotoluenes 
diluted as above. The value may be compared with that .obtained by 
adapting Cox'sl value of 5.86 x 10-3 for the change in dilution 
and volume of organic and acid phases which was necessary in this 
work. The adapted value according to Cox is 2.80 x 10-4' which is 
in reasonable agreement with our new measured value. Table 6 shows 
the variation of'initial rate, R, with the volume per cent of toluene 
in the organic phase. 
TABLE 6. 
ORGANIC PHASE COHPOSITION -1 -1 INITIAL RATE/moll' S 
(VOLUME PER CENT TOLUENE) 
2.00 3.66 x 10-5 
1.50 2.93 x 10-5 
, 
1.81 x 10-5 1.00 
0.50 1.07 x 10-5 
0.25 5.92 x 10 -6 
..... 
4.2_ DEPENDENCE OF INITIAL RATE OF NITRATION ON THE NITRIC ACID 
CONCENTRATION IN THE STIRRED REACTOR. 
The initial rate of nitration of a dilute solution of toluene 
in 2,2,4-trimethylpentane was determined with various nitric acid 
concentrations in the acid phase between 1.57 x 10-3 and 6.26x 10-2 
mol 1-1 as described in Sections 4.1 and 2.3. The acid phase was 
made up by the addition of the appropriate volume of nitric acid 
to 300 ml of 76.45 per cent sulphuric acid. The organic phase 
comprised 50 ml of a 1 per cent solution (by volume) of toluene in 
2,2,4-trimethylpentane. All the runs were performed at 25°C and 
. -1 2,500 rev mkn The linear initial portions of the absorbance 
33. 
versus time plots obtained were converted into initial rates of 
-4 
reaction by multiplying by the calibration factor 2.3!f x 10 , 
the determination of I-Ihich has already been described in Section 
4.1. The initial rates of reaction for each nitric acid concentration 
are shown in Table 7. 
TABLE 7. 
[HN031/mol 1-1 
-1 -1 Rlmol 1 s 
1.57 x 10-3 5.62. 5.85 x 10 -6 
3.13 x 10-3 5.59 x 10 -6 
I 6.26 x 10-3 7.00 x 10 -6 
1.57 x 10-2 1.03 x 10-5 
3.13 x 10 -2 1.48 x 10-5 
4.70 x 10-2 1.80 x 10-5 
6.26 x 10-2 2.11, 2.14 x 10 -5 
4.3. DEPENDENCE OF THE INITIAL RATE OF NITRATION ON THE SULPHURIC 
ACID STRENGTH IN THE STIRRED CELL. 
The initial rate of nitration of a 1 per cent solution of 
toluene in 2,2,4-trimethyl pentane was determined over a range of 
acid strengths between 75.60 and 81.50 per cent sulphuric acid as 
outlined in Section 2.2(a). The nitric acid concentration I-TaB kept 
constant for all the runs at 6.26 x 10-2 mol 1-1• The temperature 
o -1· 
was maintained at 25 C and the stirring speed 'Ias 50 rev min -, The 
acid and organic phase volumes were 150 and 25 ml, respectively, giving 
rise to a modified interfacial area per unit volume of acid phase 
of 0.229 2 -3 cm cm • Samples of the organic phase (0.2ml) were diluted 
to 10 ml I<ith hexane and analysed as before at 350nm. The least-
squares slopes of the linear initial portions of the absorbance 
34. 
versus time plots were converted into initial rates of reaction as 
-4 before by multiplying by the calibration factor 5.85 x 10 • This 
value \1a5 obtained from the estimate previously made for the stirred 
-4 reactor of 2.34 x 10 by allol,ling for the different organic a.'1d acid 
phase volumes and dilutions employed here. Table 8 shol~s the initial 
rate of nitration at each sulphuric acid strength. 
4.4. DISTRIBUTION COEFFICIENT OF TOLUENE BETlVEEN ACID AND ORGilNIC 
PHASES. 
In order to know the concentration of toluene in the acid 
phase corresponding to a particular organic phase composition it is 
necessary to determine the distribution coefficient between the two 
phases. Thus the solubility of toluene in 69.90 per cent sulphuric 
acid was determined with various solutions of toluene in 2,2,4-trimethyl-
pentane as the organic phase (Section 2.4). Due to the possibility 
of sulphonation at higher acid strengths 69.90 per cent sulphuric 
acid was used rather than 76.50 per cent. All the runs were performed 
at 250 C and the spectrophotometric determination of toluene in the 
hexane extract was made at 262 nm (f =235). Table 9 shows the solubility 
of toluene in 69.90 per cent sulphuric acid for each organic phase 
composition together with the distribution coefficient 0' (69.9~/o) 
given by Equation 28. 
The solubility of toluene in 76.50 per cent sulphuric acid may 
be estimated by assuming that the concentration of toluene in the 
acid phase increases between 69.90 and 76.50 per cent acid by the same 
constant factor for each organic phase composition. This factor is 
given by the ratio of the saturation concentrationlof toluene in 
76.50 per cent sulphuric acid ( [T]s = 3.02 x 10-3mol 1-1) to that 
a 
in 69.90 per cent acid ([TJs = 2.19 x 1O-3mol 1-1) which is equal 
a 
35. 
TABLE 8 
% H2S04 
-1 R/mol 1 s -1 
75.60 8.42 x 10 -8 
76.25 1.43 x 10-7 
77.85 2.77 x 10-7 
77.90 3.25 x 10-7 
78.05 2.88 x 10-7 
78.45 2.85. 3.06 x 10 -7 
78.50 3.35 x 10-7 
78.65 4.29 x 10-7 
78.85 4.97 x 10-7 
79.10 4.00 x 10-7 
79.45 5.29 x 10-7 
79.50 7.08 x 10-7 
80.00 6.84 x 10-7 
80.50 8.54 x 10-7 
80.75 8.54 x 10-7 
81.05 1.15 x 10 -6 
81.10 9.07 x 10-7 
81.50 1.19 x 10 -6 
to 1.38. This leads to the values of the solubility in 76.50 per 
cent acid shown in Table 9 and the distribution coefficient at this 
acid strength. ?{ (76.5OJ~). 
(organic phase) 
(acid phase) 
36. 
•••••••••.• 28 
. 
TABLE 9. 
ORGANIC PHASE [T]org [T] (69.90%) o (69.901j) [T] (76.501~) IS (76.50}S) 
CONPOSITION -1 a -1 a -1 
(VOL1W£ PER /moll /moll /mol 1 
CENT TOLUENE 
100 9.380 2.23 X 10-3 4206 3.08 x 10-3 3048 
60 5.630 1.93 x 10-3 2917 2.66 x 10-3 2114 
30 2.810 1.12 x 10-3 2509 1.55 x 10-3 1818 
10 0.938 5.70 x 10 -4 1646 7.87 x 10 -4 1193 
8.5 0.797 4.24 x 10 -4 1880 5.85 x 10 -4 1362 
7.0 0.657 3.15 x 10 -4 2086 4.35 x 10 -4 1512 
5.0 0.469 6 -4 2.5 x 10 1832 3.53 x 10 -4 1328 
4 -4 1838,1705 -4 4.0 0.375 2.0 ,2.20xl0 2.82,3.04xlO 1332,1236 
3·0 0.281 1.54 x 10 -4 1825 2.13 x 10 -4 1322 
2.0 0.188 1.03 x 10 -4 1825 1.lf2 x 10 -4 1322 
1.0 0.094 0.94 I O.82xl0-4 1000,1146 1.30,1.13xl0 -4 725, 830 
COHl-iENT 
4.5. ZEROTH-ORDER KINETICS IN THE HOMOGENEOUS PHASE 
The nitration of aromatics in the mixed acid system has 
hitherto been assumed to follow typical second-order kinetic behaviour 
such that the rate· of reaction is dependent upon the concentration 
of aromatic substrate and nitric acid in the aqueous sulphuric acid. 
In the homogeneous system therefore: 
.............••• 29 
For the h,o phase nitration of aromatics in the fast reaction regime 
it follO\'ls that rate is governed by: 
L- 1 s • ArH_ a ................. 30 
~Ihere the rate of reaction is still dependent upon the first power of 
the aromatic substrate concentration. Under suitable conditions, 
hOl-fever, nitration in the homogeneous phase may become independent of 
the aromatic substrate concentration i.e. zeroth-order \~ith respect 
to aromatic. 2 Ingold and coworkers ~Iere the first to report zeroth-
order kinetics in the nitration of reactive sUbstrates in organic 
solvents. Under these conditions, they argued, the rate determining 
step ceases to be the electrophilic attack by nitronium ion on the 
aromatic substrate but the ionization of. the nitric acid. 
The nitration of aromatics in mixed acid may be simply written 
as: 
I 
HN03 H+ ~ • NO + + H2O 31 + "' k' 2 ..••.••... 
-1 
, 
NO + + ArH k2 ) Products 32 2 ......•... 
In theory either Reaction 31 or Reaction 32 may be the rate controlling 
step. For the general case, where either possibility can obtain, 
the rate equation is arrived at via the steady-state assumption: 
i.e. 
Thus, 
Rate of formation of nitronium ions = rate of removal of 
nitronium ions 
k~ [HN031 [H+] 
k~l [Hi] + k; [ArH] ........... 
The rate of reaction is now given by: 
k~ k{ [Hll03j~tJ [ArH) 
k~l [H20] + k~ [ArH] 
••.•••.•..•• 35 
/ ' Under normal first-order conditions k_l[H20]~k2 [ArH] and: 
38. 
R = 
= 
k~ k; [mlo3] [H+] 
k~l [H20] 
[ArH] 
..••...••..•.•.. 29 
where· = k; [NO/J 
. [mlo3 ] 
•••••.••••••••••• 36 
Under zeroth-order conditions, however, k~l [H20 J <-< k; [ArH] and: 
••••••••••••••••• ·37 
Thus the rate of reaction is independent of the aromatic substrate 
concentration and ~overned only by the rate of formation of nitroniu·m 
ions from nitric acid at a particular sulphuric acid strength. ' 
4.6. HALF-ORDER KINErrCS IN THE THO PHASE SYSTEH 
The change in rate determining step in the homogeneous phase 
has a significant effect on the rate of nitration in'the two phase 
system. Consider a system where the rate of nitration in the fast 
reaction regime is sOlely governed by the iohization of the nitric acid 
i.e. pure zeroth-order kinetics applies. The diffusion process is 
nOli governed by: 
....••.•..• ~ .... 38 
This differential equation may be solved by putting 
integrating to give: 
39. 
2 
c = A (l-x) 
The concentration gradient is given by: 
dc 
dx = 
-2A(l-x) 
.•................ 39 
•..•.......•...... 
Both equations satisfy the boundary conditions x = 1, c = 0 and x = 1, 
!Iow, from Equation 38~ A = k~ [H1I031 [H+ J 
2D 
If x = 0, c = [ArH]s, and from Equation 39: 
a 
1 =I[~H]: = 2D [ArH] s a 
and the concentration gradient at the interface is given by: 
= -2Al 
Assuming that the rate of mass transfer is given by: 
- (dC) V = -D -dx X=O = UDl 
the overall rate of reaction is given by: 
R = 
o 
• 
....•..•...... 41 
The above equation predicts a half-order dependence of the rate on 
the aromatic substrate concentration in the acid phase. 
The onset of zeroth-order kinetics in the bro phase system 
110uld result in a suppression of the rate of reaction compared to 
40. 
the rate expected assuming first-order kinetics given by: 
= 
2k~ [n+] 
k2 [ArHl: 
.....•.......•...••.... 
Substitution of Equation 36 into the above results in: 
= 
21{1[H20] 
k~[ArH]: 
....................... 
42 
43 
The fall-off of the rate of reaction in the fast reaction regime 
under these conditions is dependent upon the ratio k~1(H20J 
k~ LArHJ: 
I r JS In the case of toluene k2LArH a remains virtuallY constant as the 
sulphuric acid strength increases, k; taking the encounter control 
value at each acid strength, \;hereas k~1[H20]decreases Hith increasing 
acid strength. The ratio R \;ould thus decrease ~rith increasing 
o 
sulphuric acid strength. 
HI 
The postulation of achangeover in the kinetics of nitration 
as described above provides an explanation for the results of Cox's 
work on toluene in the range 70-80 per cent sulphuric acid, where the 
initial rates of nitration both in the stirred reactor and stirred 
cell were well below that predicted by Danckwerts' Surface Renewal 
Theory. If, in this acid range, the nitration of toluene in these 
systems was changing from one of first-order \flth respect to toluene 
to one of zeroth-order in the acid phase Schofield's4values of k2 
would no longer apply and the slopes of the Danckwerts plots would be 
101;. To test this hypothesis the rate of nitration of toluene in the 
stirred reactor and stirred cell I;as redeterr.Iined usinG an acid phase 
41. 
concentration of toluene appreciably lower than that used by Cox. 
Since the exact order of reaction ,nth respect to toluene is governed 
by the relative magnitudes of k2lArHJ and k~l [H20] and the 10\>1 
·concentration of toluene would expect to favour first-order kinetics, 
the subsequent Danckwerts plots should yield reasonable values of 
/ 
a and~. 
4.7. DANCKI,ERTS PLOT FOR THE STIRRED REACTOR. 
The results of the stirred reactor nitrations described in 
Section 4.2. are consistent with reaction occurring in the transition 
region between fast reaction and slow reaction diffusional regimes. 
The nitric acid concentrations employed are, of course, appreciably 
smaller than those used by Cox. This has the effect of shifting 
the plateau region due to the slow reaction diffusional regime to the 
right in Figure 2. The transition to the fast reaction regime will 
then occur at a higher sulphuric acid strength. Figure 12 shows a 
Danckwerts plot based on the rate data in Table 7 with a &lphuric 
acid strength of 76.45 per cent. It sho\;s a good correlation to a 
straight line. 
The solubility of toluene in the acid phase, [T] , corresponding 
a 
to an organic phase canposition of 1 per cent toluene in 2,2,4-
trimethylpentane, and necessary for the construction of the Danckwerts 
plot, was estimated by assuming a mean value for the distribution 
coefficient in 76.50 per cent sulphuric acid. For the lo\;est 
concentrations of toluene in the organic'phase this \;as 1310 (Table 9). 
Given that a 1 per cent solution contains 9.38 x 10-2 mol 1-1 of 
toluene, [T] is estimated at 7.16 x 10-5 moll-I. The second-order 
a 
rate coefficient, k 2 , and diffusivity, D, in this sulphuric acid 
1 -1 -1 
strength were estimated from the data of Cox at 741 1 mol sand 
-6 2 -1 0.92x 10 cm s respectively. 
42. 
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The least-squares line through the points in Figure 12 yeilds 
a slope and intercept of 1.82 x 10-3 s-l and 2.09 x 10-3 s-2, respe~tively. 
The slope may be compared \1ith that obtained by Cox ~nth an organic 
phase of pure toluene in the stirred reactor (Table 2). In the 
previously re~orted16stirred reactor runs in the transition region 
between slow reaction diffusional and kinetic regimes ~YL had the 
value of 0.069 s-l Under these conditions i.e. in acid strengths 
bet~leen 6 2.40 and 71.60 per cent sulphuric acid, first-order kinetics 
are considered to prevail and thus the value of a'l'1, should be a 
reasonable estimate for the system. 
-3 -1 / 
value of ca. 10 cm s ,a must be 
If ~ is assumed to have a normal 
ca.69cm2 cm-3 • This may be 
combined Inth a mean calculated diffusivity for toluene in the acid 
range 70-80 per cent sulphuric acid to give a predicted value of ca. 
5 x 10-3 s-l for the slope of the Danck\1erts plot. Cox's experimental 
value is 1.9 x 10-5 s-l with a pure toluene organic phase, more than 
250 times smaller. 
The slope of the least-squares line through the points in 
Figure 12, if equated with ~2D, Gives a value for a
' 
of 44.5 cm2cm-~ 
Like>lise, the intercept, if set equal to (~~)2, leads to a value 
for ~ of 1.03 x 10-3 cm s-l Thus the Danckwerts plot with diluted 
toluene gives reasonable values of:f and ~ in marked contrast to 
the behaviour of pure toluene. The conclusion is drawn that with the 
nitration of pure toluene in the stirred reactor in the transition 
region between slow diffusional and fast reaction regimes (71.60 
-77.75 per cent sulphuric acid) first-order kinetics with respect to 
the concentration of toluene in the acid phase is rapidly being displaced 
by zeroth-order kinetics in the acid phase. If, ho,rever, the organic 
phase is sufficiently diluted, such that the concentration of toluene in 
the acid phase.is ca.Lw times lOl1er, first-order kinetics may be restored 
and the initial rate of nitration is once more governed by Equation 25. 
43. 
4.8. DANCK"IERTS PLOT FOR THE STIRIlED CELL 
The results of the stirred cell nitrations at different 
sulphuric acid strengths in the transition region between slow 
reaction diffusional and fast reaction regimes, sho>m in Table 8, 
permit us to confirm the observations made with the stirred reactor. 
Ho\,ever, the data obtained showed considerably poorer reproducibility 
than that from the stirred reactor and a Danckwerts plot was not 
constructed. There are two probable reasons for the irreproducibility 
between runs. First is the error involved in estimating the sulphuric 
acid strength by titration (:0.1 per cent). Second, and probably 
most important, is the small absorbance differences observed which 
were at the limit of measurement by this procedure. The principal 
limitation was the volume of organic phase that could be withdrawn 
and diluted \a thout significantly affecting the volume of the organic 
phase during the course of the run. The data obtained may be more 
conveniently treated by means of a statistical average. 
The corresponding values of [T~ and k2 at each sulphuric acid 
strength we~e obtained. The values of k2 were interpolated from a 
plot of log k2 versus percentage sulphuric acid based on the data of 
Coxl and \,hich was linear over this acid range. The solubility of 
toluene in each acid strength corresponding to an organic phase 
composition of 1 per cent toluene in 2,2,4-trimethylpentane \,as 
estimated by the procedure described in Section 4.4,by assuming the 
concentration of toluene in the acid phase increased with increasing 
acid strength by the same factor by which the saturation concentration 
changed from that at 69.90 per cent sulphuric acid. The value Of[T] 
a 
in 69.90 per cent acid corresponding to a 1 per cent organic phase 
was estimated from the mean distribution coefficient of 1810 at this 
acid strength. Table 10 includes all the data necessary for the 
44. 
construction of a DancJc;rerts plot, including values of ['r] s at 
a 
1 
each acid strength interpolated from the data of Cox. Also included 
is the value of the quotient (ntTi . 
k2 [Hr:03] 
The theoretical intercept of a Danck\,erts plot based on the 
above data may be estimated by assuming a normal value of k:r. of ca. 
10-3cm s-1 and the interfacial area per unit volume of acid phase of 
2 -3 0.22.9 cm cm • The maximum value of the intercept is eiven by 
,2 6 -8-2 (a k:r.) at 5. x 10 s.' Since at 101< reaction rates in the stirred 
cell poor surface rene;ral leads to a 1011ering of the 1~ value 
(Chapter 3) the intercept is probably lo;rer than this. Comparison 
of the intercept value ;rith the values of (~ )2 in Table 10 indicates 
LT] 
a 
that I'lith all the data the intercept is negligible and the value of 
the quotient accurately 8i ves the slope of the Danckl<erts plot at each 
acid strength. The average of the quotients sho;rn in TO-ble 10 gives 
I -8 -1 . an observed Danck;rerts slope of 7. f x 10 s ;rith a standard deviation 
-8 -1 
of 2.2 x 10 s , 
The observed value of the slope Sh0l1S reasonable agreement 
11ith -8 -1 J 2 the predicted value of ca. 4 x 10s given by a D and 
calculated assuming a mean diffusivity in 75.60-81.50 per cent 
-6 2 -1 1 ' 
sulphuric acid of 0.81 x 10 cm s. It contrasts l1ith the behaviour 
1 in the stirred cell containing pure toluene as observed by Cox "here 
-9 -1 the slope ;ras 1.31 x 10 S ,some 30 times 10l1er than the predicted 
assuming first-order kinetics. The results of the stirred cell study 
therefore confirm, ;rithin experimental error, the observations made 
\>lith the stirred reactor. \1ith a pure toluene organic phase first-
order kinetics are being replaced by zeroth-order behro,viour in the 
sulphuric acid range 75.60-81.50 per cent but virtually pure first-
order kinetics may be restored by use of a sufficiently dilute organic 
phase. 
Tfl]3LE 10 
-1 [T]s/mol 1-1 k}lN03J [T] /moll-
1 2 2 /S-7 olH <"'0 k2/1 mol_1 ([~/~-2 (H{T] ) 70 2'" 4 a a s /S-1 a k2 [HN031 
-
75.60 355 2.93 x 10-3 22.2 6. 93xl0-5 1.48xl0-6 6 -8 6. 7 x 10 
76.25 631 3.01 x 10-3 39.5 7. 12xl0-5 1+.05xl0 -6 10.3 x 10 -8 
77.85 2512 3.20 x 10-3 157 7. 58xl0-5 1. 33xlO-5 8. 1f? x 10-8 
77.90 2630 3.21 x 10-3 165 7,60xl0-5 1. 83xl0-5 11.1 x 10 -8 
. 
78.05 2985 3.23 x 10-3 187 7.64xl0-5 1.43xl0-5 7.65 x 10 -8 
78.45 4220 3.27 x 10-3 264 7. 75xl0-5 1.35,1.56xl~ 5·11,5.91xl0 -8 
78.50 4416 8 -3 3.2 x 10 277 7. 77xl0-5 1.86xl0-5 6.71 x 10 -8 
78.65 4955 3.30 x 10-3 310 7.81xl0-5 3.01xl0-5 9.71 x 10 -8 
78.85 5957 3.32 x 10-3 373 7. 87xl0-5 3.99xl0-5 10.7 x 10 -8 
79.10 7586 3.36 x 10-3 475 -5 7.95xl0 . 2.53xl0-5 5.33 x 10 -8 
79.45 10000 3. LfO x 10-3 627 8.05xl0-5 4.33xl0-5 6.91 x 10 -8 
79.50 10720 3.41 x 10-3 671 8.07xl0-5 7.69xl0-5 11.5 x 10 -8 
80.0 15850 3.46 x 10-3 993 8.20xl0-5 6. 97xl0-5 7.02 x 10 -8 
80.50 25120 3.53 x 10-3 1570 8.35xl0-5 1.05xl0 -4 6.69 x 10-8 
80.75 31990 4.56 x 10-3 2000 8. 43xlO-5 1.03xl0 -4 5.15 x 10 -8 
81.05 40740 3.59 x 10-3 2550 8. 51xl0-5 8 -4 1. 2xl0 7.14 x 10 -8 
81.10 41690 3.60 x 10-3 2610 8.52xlO-5 -4 -8 1.13xl0 4.33 x 10 . 
81.50 61660 3.65 x 10-3 3860 8.65Xl0-511.90Xl0-4 4.92 x 10 -8 
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4.9. THE KINErIC ORDER IN TilE STIRRED REACTOR. 
Further confirmation of the restored first-order kinetics 
~lith a diluted organic phase comes from the results sholffl in Table 6. 
They may be combined with the values of the distribution coefficient 
shown in Table 9 to give an estimate of the kinetic order with respect 
to toluene in 76.50 per cent sulphuric acid. Figure 13 shows the 
concentration of toluene in the acid phase as a function of organic 
phase composition. A positive deviation from ideal behaviour is 
observed with organic phase compositions varying between pure 2,2,4-
trimethylpentane and pure toluene and all the points fall above the 
line drawn through the saturation value. Over the small range of 
organic phase compositions for which the runs in Table 6 were made, 
however,1( (76.50%) may be considered to remain constant and take the 
mean value of 1310. This allows values of [Tl for each organic phase 
composition to be calculated. 
Figure 14 shows a plot of log R versus log [Tl for the 
nitration of a dilute solution of toluene in 76.50 per cent acid. A 
good correlation to a straight line is obtained \~ith a least-squares 
slope of 0.88. This is reasonably close to the predicted first-order 
dependence indicated by the Danckwerts plot for the stirred reactor. 
While the deviation from unity may be due to the order being intermediate 
between 1.0 and 0.5, it is more likely that Lt is just due to 
experimental error. 
4.10 ESTIMATION OF kl FROM PREVIOUS STIl,RED CELL DATA 
Equation 41 allows us to estimate an important parameter, 
kl = k~ [H+] , the rate coefficient for the formation of nitronium ions 
from nitric acid in aqueous sulphuric acid. If, at the highest acid 
strength for «hi ch the initial rate of nitration Has determined for 
UgJ] The solubility of toluene in 76.50 0/0 
sulphuric acid as a function of organic 
phase composition. 
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pure toluene in the stirred cel11 (78.45 per cent sulphuric acid, 
-6 -1 -1) R = 7.00 x 10 molls ,pure zeroth-order kinetics prevail with 
reaction in the fast reaction regime, insertion of the data of Coxl 
into Equation 41 leads to a value of kl = 0.40s-1 at this acid 
o 
strength and at 25 c. 
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CHAPTER 5. 
CHAliCE IN THE KINETIC ORDER OF NITRATION WITH RESPECT TO 
ARO?1ATIC IN THE H0l-1OGENEOUS SYSTEH 
The successful interpretation of the results of the two 
phase nitration of toluene in the high sulphuric acid range, based 
on a change of kinetic order from first to zero with respect to 
toluene in the acid phase, immediately gave rise to speculation that 
the changeover in rate controlling step might be more directly 
observed in the homogeneous system itself. The homogeneous nitration 
of reactive substrates such as toluene and xylene in mixed acid 
media has been extensively studied by Schofield et a14and Deno and 
Stein37• They determined the value of the second-order rate coefficient, 
k 2 , in sulphuric and perchloric acids for a number of aromatics. 
For half lives greater than 2 minutes they4used a conventional 
spectrophotometric technique t;hereas for half-lives ereater than 50ms 
a stopped-flot; apparatus .Ias necessary. This, for example, allowed 
values of k2 to be obtained up to the limit of measurement for toluene 
in sulphuric acid strengths of ca.30 per cent at 250 C. Schofield 
utilized aromatic substrate concentrations between 10-4 and 10-5mol 1-1 
and the nitric acid concentration, which '-IaS ahlays at least 10 fold 
-4 -2-1 in excess, varied between 1.2 x 10 and 5.5 x 10 moll. Pseudo-
first-order kinetics with respect to the aromatic were apparently 
observed throughout the acid range and with all the aromatic substrates 
studied including toluene. Our first intention was to try and repeat 
some of· the results with toluene using our own stopped-flow apparatus. 
5.1. THE NITRATION OF TOLUENE 
Two series of runs were performed in which the effect of 
sulphuric acid strength was observed on the nitration of toluene at 
250 C. In each case at least a ten fold excess of nitric acid was 
49. 
employed by adding aqueous nitric acid (Analar grade, s.g. 1. 1,2, 
0.24 ml) to 100 ml of aqueous sulphuric acid giving a solution of 
-2 -1 1.88 x 10 moll in nitric acid. The two series differed 
essentially in the aromatic substrate concentration used. In the 
4 -4 -1 first series a toluene concentration of ca. x 10 mol 1 after 
mixing was used whereas in the second a concentration of 1.4 x 10-3 
mol 1-1 after mixing. Since the saturation concentration of toluene 
in aqueous sulphuric acid in the range 70-80per cent lies behleen 
2 - 4 x 10-3 mol 1-1 this means that a virtually saturated solution 
of toluene resulted for the second series of runs before mixing in 
the stopped-flow apparatus. In the first series the Chance-Pilkington 
glass filter and infra-red I~ater cell were used and the traces were 
recorded on the storage oscilloscope. \,i th the second series of 
runs the grating monochromator lias used at a wavelength setting of 
350nm and slit width of 5mm. This gave a bandwidth of 50nm. At 
this liavelength the extinction coefficients of toluene and ni tro-
toluenes are so different that the absorption due to the toluene 
becomes negligible and only the accum.ulation of nitroproducts is 
observed. The traces were displayed on the conventional oscilloscope 
and photographed so that accurate measurements could be taken. Three 
typical photographs are shown in Figure 15. 
, 
(a) RUNS WITH A LOI; AROMATIC SUBSTRATE CONCENTRATION 
In the first series of runS the oscilloscope traces showed 
typical exponential curvature at low sulphuric acid strengths suggesting 
pseudo-first-order kinetics with respect to toluene. Conventional 
first-order plots of In (At» - A) versus time, where A l;aB the voltage 
corresponding to a particular absorbance, proved linear up to an acid 
strength of 78.20 per cent sulphuric acid. They allO\;ed estimates 
of the pseudo-first-order rate coefficient, and hence the second-order 
50. 
Rg.15 Stopped flow 
oscilloscope traces 
for the nitration 
78·15% of toluene in 
sulphuric acid 
at 25· C. 
81·45% 
rate coefficient, to be determined. These are shown for the various 
acid strengths in Table 11. 
TABLE 11 . 
% H2S04 k/l 
-1 -1 
mol s 
73.70 146 
74.35 200 
76.05 731 
77.15 1761 
77.95 3218 
78.20 3595 
At acid strengths greater than 78.20 per cent, hO~lever, 
first-order logarithmic plots ceased to remain linear. Furthermore, 
the oscilloscope traces began to show a linearity during the initial 
stages of the run before reverting to the usual exponential curvature 
at the end of the run. As the sulphuric acid strength I<as increased 
so the linear portion extended further into the exponential part of 
the trace. Both observations are indicative of the onset of zeroth-
order kinetics in the system. Thus, during the early part of the 
reaction, when the toluene concentration is at its highest, the rate 
of reaction is independent of the aromatic substrate concentration and 
governed only by the rate of ionization of nitric acid to nitronium 
ions. The results of the runs performed with substrate concentrations 
near to the saturation limit allow the effect to be put onto a more 
quantitative basis. 
(b) RUNS HITH A NEAR SATURATION SUBSTRATE CONCENrRATION 
In the second series of runs, with aromatic substrate 
concentrations much closer to the saturation limit, none of the runs 
showed completely pseudo-first-order kinetic behaviour, even at 
sulphuric acid strengths as low as 71+.70 per cent. FiVlre 16 shO\;s 
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some typical first-order logarithmic plots for these runs. They 
ShOH considerable curvature during the early part of the reaction. 
The oscilloscope traces themselves shoHed considerable deviation from 
the normal exponential curvature; the linearity at the start of the 
run becoming more pronounced as the sulphuric acid strength Has 
increased such that, at the highest acid strength attainable (81.45 
per cent), the rate '''as observed to increase linearly ",ith time virtually 
to completion (Figure 15). Under these conditions zeroth-order 
kinetics are dominant over first-order kinetics and the rate of 
nitration is constant until virtually all of the toluene has reacted 
",hereupon the reaction suddenly stops. 
Analysis of the oscilloscope traces obtained in the transition 
region between first and zeroth-order kinetics is possible by assuming 
the general, steady-state, equation for the consumption of nitronium 
ions by either reversal of Equation.31 or by reaction Hi th aromatic 
suostrate i.e. 
- d [ArH] 
dt = 
k~ k~ [lIN03] [H+] [<\rH] 
k:1[lI20J + k2 CArll] ............... 
Inversion and separation of the variables gives: 
Integration of both sides gives: 
44 
No"" "'hen t = 0, [Arn] = [Arn] 0' the initial concentration of aromatic 
substrate. 
Therefore, 
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The concentration of aromatic may be converted into absorbance (or 
more correctly, the voltage measured by the oscilloscope, A) since: 
and 
[Arrflo Aoo - Ao 
[ArE] = Aoo - At 
[ArH]O -[ArH] = [ArH]o(_\ - Ao) 
A - A 
'" 0 
where the subscripts t and co refer to the voltage after time t and 
infinite time respectively. 
Substitution into Equation 46 gives: 
= .•. 47 
Plots of should be linear 
with a slope of k2 [HN031 and interc ept [ArH] 0 when 
( A", - Ao) A - A t 0 
is equal to zero. 
Alternatively, if the initial portion of the oscilloscope 
trace is sufficiently linear to permit an accurate measurement of its 
slope i.e. virtually pure zeroth-order kinetics prevaiL!, then 
k~ [ArH] 0 
k~1 [H20] 
is large compared 
and the latter in Equation 47 may be ir,nored and: 
53. 
(At - AO) = ~ [H+J[m031. (Aea - Ao) .t 
[ArHJ o 
................ "! .......... .. 48 
The slope of the initial portion of the trace is then given by 
k~ [HifW!03J (Aoo - -'\) 
[Arll] 
o 
Figure 17 shows the intermediate-order plots for the runs 
utilizing a near saturation toluene concentration. They show a 
good correlation to a straight line and lead, via the slope and 
intercept, to values of k2 and k1 = k~ [H+Jat each acid strength 
(Table 12). The runs at 80.10 and 81.45 per cent sulphuric acid were 
amenable to treatment by the initial slope metnod for the determination 
of k1 but the values of k2 were not measurable. The voltage jump, 
corresponding to the initial concentration of toluene, was estimated 
from a calibration jump made bet,;een a solution containing pure 
unreacted toluene in aqueous sulphuric acid and a solution 'after 
complete reaction had taken place. 
TABLE 12. 
% 1I2S04 'k;!l mol-
1s-1 k1 /s -1 
74.70 232 0.79 
76.35 854 1.07 
77.00 1711 1.76 
78.15 3398 3.96 
78.95 8262 4.98 
80.10 6.42 
81.45 8.30 
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5.2. THE NITRATION OF O-XYLENE. 
A similar series of runs to that performed on toluene and 
described in Section 5.l(b) I<as carried out tdth o-xylene. Since 
o-xylene is about 3 times more reactive4 than toluene andabout half 
as soluble38in aqueous sulphuric acid, t.his ~/as the most likely choice 
of aromatic that I<ould be expected to shol< a similar changeover in 
kinetics as observed for toluene. Stopped-flotf runs "ere performed 
at various sulphuric acid strengths "ith a nitric acid concentration 
8 -2 -1 of 1.8 x 10 mol 1 after mixing. The nitric acid concentration 
t,as at least ten times in excess of the aromatic substrate concentration 
-4 -1 0 (4.1 x 10 moll after mixin,,). All runs to/ere performed at 25 C 
I<ith a monochromat or setting of 350 nm and a slit ~ddth of 5mm as 
before. Sufficiently good traces "ere obtained to permit them to be 
displayed on the storage oscilloscope screen and readings taken 
directly from this. An exactly similar changeover in kinetics I<as 
observed as "i th toluene. At the highest acid strength· the oscilloscope 
trace Has virtually linear to completion. Figure 18 shotfs the 
intermediate-order plots for these runs and Table 13 lists values of 
k1 and k2 obtained from them. 
T~BLE 13 . 
% H2S04 le/I -1 -1 mol s / -1 k1 s 
74.05 181 0.69 
75.65 758 1.17 
76.00 1251 1.10 
76.70 2116 1.48 
77.50 3036 3.54 
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5.3. THE LIHITATIOlIS OF TIE STOPPED-FLOl'I TECHNIQUE. 
At very fast reaction rates, "ith half-lives approaching 
10ms, the limit of the stopped-flo,; technique "as reached and three 
intrinsic features of the apparatus began to sho" up. The first 
"as the effect of dead time, or the time that it takes the mixed 
reactants to' flow from the point of mixing to the point of observation 
in the optical cell. At normal reaction rates this is not significant 
compared "ith the reaction time but at high rates an appreciable 
amount of reaction may take place during this time. The result "as 
a reduced voltage jump at the higher sulphuric acid strengths "There 
the early stages of the reaction run "ere not observed (Figure 15). 
Second was the effect of the backstop being slightly displaced 
from the microswitoh, such that a small amount of liquid no,-, occurred 
after the oscilloscope had been triGgered. The result ~TaS a tail 
to the oscilloscope trace prior to the start of the reaction and the 
rapid increase in voltage with time. This \las, particularly noticeable 
at high s\leep rates. 
The third limitation to the use of the stopped-flow technique, 
and the most important, was the problem of mixing. The Nortech 
instrument is quoted to have a mixing time of 2ms. This is an 
eXcellent figure and probably represents the best attainable by a 
commercial instrument. It, hOl;ever, relates to the mixing of aqueous 
solutions of reactants. A somewhat higher figure might be expected 
under the conditions prevalent in our work. The mixing time increases 
Hith increasing viscosity of the reactants and in concentrated 
sulphuric acid solutions (70-80 per cent) the viscosity ranges 
16 from 8-l6cp compared to a value of ca. 1.0 er for ,later at normal 
temperatures. The trace obtained ",ith 81.45 per cent sulphuric acid 
56. 
(Fir;ure 15) sho>IS the observed effect in our system; a slight 
curvature at the beginning of the run prior to the rapid increase in 
voltage «ith time. The approximate duration of this process has been 
estimated at 2ms. The increased viscosity of the system apparently 
had little affect on the mixing time. 
COt'IMENT 
5.4. COMPARISON OF k2 and k, ,nth PREVIOUS DATA 
Figure 19 shows a plot of log k2 versus percentage sulphuric 
acid for the nitration of toluene in the stopped-flow apparatus. 
Also included are the values originally obtained by Schofield4 et al. 
A reasonable agreement is observed over the extended acid range 
although a small displacement is evident due to our values being 
generally somewhat larger at a particular acid strength. This 
systematic error is probably due to the error in the determination of 
the sulphuric acid strength since the second-order rate coefficient 
at least doubles over only one per cent acid increase. A similar 
comparison of the o-xylene results is not possible since there is very 
little previous data available. Hm1ever, Schofield4 reports a 'l:llue 
68 -1 -1 in .3 per cent sulphuric acid of 2.21 mol s ,very similar to 
many other reactive substrates.at this acid strength, due to the onset 
of encounter control (Table 1). This value may be compared with 
-1 -1 that for toluene of 1.0 1 mol s • At higher sulphuric acid strengths 
k2 for o-xylene and toluene should become very similar and this is in 
fact observed. 
The rate of formation of nitronium ions at a particular 
sulphuric acid strength is independent of the aromatic substrate being 
nitrated. The values of k1 for toluene and o-rJlene may therefore be 
directly compared. Figure 20 shO\;s the variation of 10[: k1 «i th 
57. 
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percentage sulphuric acid for both aromatics studied. Since the 
dependence of log k2 on acid strength is virtually linear over this 
range a similar behaviour miGht be predicted for lOG k1• The 
results, however, do not 0.110\1 this claim to be made with any 
conviction. Figure 20 does nevertheless show the expected increase of 
k1 ,,,ith the acidity, and hence ionizing power, of the medium. 
The value of k1 at 78.45 per cent sulphuric acid of ca.4~s-1 
(Table 12) may be compared with the estimate made at this acid strength. 
with Cox's stirred cell data, of ca. 0.40 s-1 (Section 4.10). A 
large discrepancy exists which requires an explanation. A number of 
theories have been put forward to account for the difference and they 
will now be discussed. 
Ca) The estimation of k1 from the stirred cell data is, of course, 
dependent upon the validity of two assumptions. That at 78.45 per cent 
sulphuric acid pUre zeroth-order Idnetics are· in existence and reaction 
ta~es place in the fast reaction regime. If either one of these 
assumptions was untrue and either reaction was taking place "ell into 
the transition region between fast reaction and slow reaction 
diffusional regimes,or with an intermediate kinetic order bet\'Ieen 1 
and 0 in the homogeneous pliase, the value of k1 could only be lo"er 
than already observed. Clearly, this argument cannot be used to 
account for the 10" value of k1 obtained from the stirred cell compared 
with the stopped-flow estimate. 
Cb) There was speculation that the disagreement may be due to a 
change of dependence of the zeroth-ordeI' rate of nitration on the 
nitric acid concentration; from its usual first-order, with the nitric 
acid concentration eClployed in the stopped-flow work (1.88 x 10-2 
mol 1-1), to nearer zeroth-order with the concentration employed in 
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6 -1 the stirred cell (0.5 moll). The result >Iould be a higher value 
of k1 than calculated assuming a first-order dependence. To test 
this, the value of k1 \~as determined by the usual method in the 
intermediate-order region "Jith toluene in ca.75 per cent sulphuric 
acid,using as \dde a range of nitric acid concentrations as possible. 
The intercept of the intermediate-order plot may be equated with the 
zeroth-order rate of nitration, k : 
o 
Intercept 
[T] 
k 
o 
o 
An increase in the nitric acid concentration from 1.88 x 10-a to 7.52 x 10-2 
-1 -1 
mol 1 resulted in a decrease in k1 from 0.67 to 0.57 s This 
indicates that the value of n may be decreasing as the nitric acid 
strength is increasing. This may be misleading, hO\1ever, since the 
value of k2 similarly decreased from 270 to 255 1 mo11s-1 with 
increased nitric acid concentration. This >JaS due to the effective 
lO\1ering of the sulphuric acid concentration Hith the addition of a 
small amount of water '.1i th the aqueous nitric acid. A similar 
effect, although less marked, l10uld be expected in the case of the 
k1 values. 
(c) ACCURACY OF DETERMINATION OF k1 FROM IlOHOGENEOU3 DATA. 
There is somewhat greater error associated l1ith the 
determination of values of k1 fro:n intermediate-order plots than l~ith 
,the determination of k2 • The intercept of the plot is obtained by 
extrapolation of points some way off the axis. The error in the 
determination of the intercept may then be considerable whereas the 
error in the slope rel~ains small. Furthermore, the estimation of 
k1 from the intercept, given by 
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[r,rHlo , or the slope of the initial 
k Umo;i 1 ;:; 
portion of the oscilloscope trace, given by k bm031 (A - A ) , 
1 00 
[ArHj 0 
requires the accurate knowledge of [Arl!lo ",hereas the estimation of 
k2 does not. Several problems Here encountered in the making up of 
near saturated solutions of aromatic in concentrated sulphuric acid. 
It Has therefore decided to determine accurately, by the spectro-
photometric method described in Section 2.4, the effective initial 
concentration of toluene in ca.76 per cent sulphuric acid. Several 
solutions were made up at 250 C, in precisely the Same manner as for 
the stopped-flow runs, by adding 30/,1 of toluene to 100ml of aqueous 
sulphuric acid in a 100 m1 graduated flask.· This gave a theoretically 
predicted concentration of 2.82 x 10-3 mol 1-1 • In each case the 
solution '~as allowed to settle and a sample of the acid "ithdrawn, 
extracted ",ith hexane and analysed at 262nm. The results are shOlm 
in Table 14. 
TABLE 14. 
[TJjmo11-1 
1.86 x 10-3 
1.78 x 10-3 
1.98 x 10-3 
1.56 x 10-3 
1.40 x 10-3 
1.30 x 10-3 
1.92 x 10-3 
A considerable variation in the effective toluene concentration 
is evident. It falls in the range 
an average of 1.69 x 10-3 mol 1-1 • 
-3 -1 1.30 - 1.98 x 10 moll with 
This is lID per cent belm·, the 
predicted value and suggests that up to about half of the toluene is 
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lost from the acid by the time extraction ta~es place. Three 
possible explanations for the loss of toluene Here proposed. The 
first ~las that appreciable sulphonation had taken place prior to the 
extraction or a stopped-flow run. Since the toluene sulphonic acids 
are virtually insoluble in hexane this would lead to a low value for 
the absorbance in the hexane extract. The second ,;as that toluene is 
sufficiently volatile that an equilibrium is set up between the acid 
and the air space above it giving a low residual concentration in the 
acid. The final explanation was that not all of the toluene had 
dissolved in the acid due to the poor mixing of the substrate with 
the highly viscous sulphuric acid • 
. The possibility that sulphonation plays a significant role 
in the reduction of the toluene concentration may be eliminated. 
The data of Cerfontain et a139 ShOli that at this strength of 
sulphuric acid sulphonation is so slo«, the half-life in 76 per. cent 
acid being ca. 100 hours, that it may be ignored. This was verified 
by the result of a run in Hhich the concentration of toluene in the 
acid >las. estimated as a function of time from >lhen the solution was 
made up. No appreciable change had occurredmter three hours duration. 
To investigate whether toluene is vaporizing into the air 
space above the solution two solutions were made up, as described 
previously, to give a predicted toluene concentration of 2.82 x 10-3 
-1 
moll. Two different sized flasks ,.ere used giving free volumes 
above the liquid of 7ml and 490ml. The residual toluene concentration 
in the acid phase «as estimated to be 1.92 and 0.68 x 10-3mol 1-1 , 
respectively. This suggests that toluene does vapourize into the air 
space since the larger the air space the lO>ler the residuD.l toluene 
concentration in the acid. If one mole of gas at S.T.P. occupies 
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22.4 litres and the vapour pressure of toluene at 250 C is 28mm of 
mercury, 490ml of air might be expected to hold 490 x 28 x 273 
22400 x 760 x 293= 
~ 8 ~ 7.4 x 10 mol of toluene. Since 2. 2 x 10 mol of toluene ';as 
originally put into the flask it can be seen that up to ca.3 times 
this quantity may be accommodated in this air space. l'iith a 7ml air 
space, however, only ca.3-4 per cent of the original toluene may be 
accounted for in this ,,,ay. Furthermore, all attempts at achieving 
the .predicted concentration of 2.32 x 10-3mol 1-1 with flasks having 
negligible air apace above the liquid, failed, although the 
concentration obtained was slightly improved. This may, .however, 
be the result of poor mixing due to the absenc9 of air bubbles to 
act as agitators. 
The effect of poor mixing may well be the most significant 
factor in the 101; concentrations of toluene observed although it 
is difficult to estimate the extent to ,;hich it affected results. 
It nay be assumed that for solutions near the saturation limit the 
attainment of an equilibrium concentration, even with effective 
agitation, is longer than with more dilute solutions. The process 
is greatly affected by the viscous nature of the solvent. An attempt 
was made to ascertain whether any toluene "as left remaining on the 
top of the acid after mixing, but this proved negative. 
A full explanation for the low substrate concentrations 
observed in the stopped-flow experiments ",hen solutions are made up 
in this manner is difficult to find. It is considered that a 
combination of factors may be present. The present data does, 
hovlever, allow a correction to be made to the values of k1 obtained 
with toluene. If an aromatic substrate concentration is assumed 
consistently 40 per cent belm' that predicted for the intermediate-
62. 
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order runs, the corrected values of k1 at 25 e, shown in Table 15, 
are obtained. 
TABLE 15. 
% lli04 / -1 k1 s 
74.70 0.47 
76.35 0.64 
77·00 1.06 
78.15 2.38 
78.95 2.99 
80.10 3.85 
81.45 4.98 
. + 
The above values are nOH considered to be accurate to -15 per 
cent as indicated by the scatter in Table 14. The overall variation 
of [T] observed in the making up of solutions by the procedure 
a 
described agrees \;ell with the calibration jump values obtained in 
the stopped-flow runs \;hich shO\;ed a similar variation. A recommendation 
for future Hork suggests itself here, in that many of the problems 
described above may Hell be overcome if the solutions of aromatic 
are made up by a modified procedure. This Hould involve making a 
saturated solution up initially, by mixing aqueous sulphuric acid 
Hith an excess of toluene, separating the two phases and then diluting 
the acid phase with, say, an equal volume of aqueous sulphuric acid. 
Some care would be necessary, however, in the maintenance of 
temperature since aromatics rapidly come out of solution Hith only 
a fevl degrees drop in temperature at near saturation levels. The 
correction for low toluene concentrations brings the k1 values for 
toluene closer in line with the value obtained from the stirred 
cell data but still leaves them considerably apart. The discrepancy 
is thought unlikely to be the result of experimental error and requires 
further work so that the gap between the homogeneous and h<o phase 
systems may be bridged. 
Despite the above arguments the work on the homogeneous 
nitration of toluene at high sulphuric acid strength has confirmed 
the suggestion that the lower than predicated initial rates of nitration 
in the tI<o phase systems \<as caused by a changeover in the kinetic 
order of nitration from one to zero in the homogeneous phase. The 
further implications of the phenomenon will be discussed a little 
later. 
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CHAPTER 6. 
THE NITRATION OF CHLOROBENZENE AT HIGH SULPHURIC ACID STRENGTHS 
6.1. DEPENDENCE OF THE INITIAL RATE OF NITRATION ON TEr.lPERATURE 
HI '['HE S1'IRRilll CELL 
The initial rate of nitration of chlorobenzene in the stirred 
cell Has determined at various temperatures between 10 and 550 C in 
79.80 per cent sulphuric acid according to the procedure described 
in Section 2.2(a). The acid phase was made up by the addition of 
aqueous nitric acid Ctmalar grade, s.g. 1.lt2,6.25ml) to 175ml of 
-1 
aqueous sulphuric acid giving a solution 0.56mol 1 in nitric acid. 
A quantity of this (170ml) \;as taken and stirred at 50 rev min -1 ~Ii th 
20ml of chlorobenzene. Samples of the organic phase (21«1) were 
withdrawn at regular intervals of time and diluted to 10ml'vnth hexane 
and the absorbance measured at 340nm. The slopes of the initial 
portions of the absorbance versus time plots obtained were converted 
into initial rates of nitration by multiplying by the factor 1 3.75 x io-3 • 
The results are shm;n in Table 16. 
6.2. DEPENDENCE OF THE SECOND-ORDERRATE COEFFICIENT FOR NITRATION 
ON 1'EHPERATURE. 
Therecond-order rate coefficient for the nitration of chloro-
benzene in 79.45 per cent sulphuric acid Has measured. at various 
o temperatures betHeen 15 and 55 C by means of the stopped-floH technique 
described in Section 2.6. Runs were performed \;ith an organic substrate 
concentration of 0.98 x 10-3mol 1-1 after mixing and a nitric acid 
88 -2 -1 concentration, at least ten fold in excess, of 1. x 10 moll' 
after mixing. The monochromat or settinG was 350nm '\lifu a slit \;idth of 
5mm. In all cases good pseudo-first-order behaviour vIas observed 
and the oscilloscope traces, recorded on the storage inntrnment, 
allo\1ed the values of k2 to be determined by the usual method. They 
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are shown in Table 16. 
6.3. DEPENDENCE OF SOLUBILITY OF CHLOROBENZENE IN SULPHURIC ACID ON 
TEHPERATURE 
The solubility of chlorobenzene in 79.55 per cent sulphuric 
acid was determined in the temperature range 10 - 45°C by the procedure 
described in Section 2.4. The spectrophotometric determination was 
made at 265nm (E = 159). Generally, three separate extractions were 
performed for each run and the average solubility taken. This is 
shown in Table 16. The accuracy of determination was estimated at 
+ ca. - 3 per cent. 
TABLE 16. 
TEl4PERATUREjOC j -1 -1 R molls -1 -1 k/l mol s [CB.l :;mol 1-1 
10 8 -6 1. 2 x 10 2.20 x 10-3 
15 129 -3 2.29 x 10· 
20 2.98 x 10-3 
25 4.43 x 10 -6 256 3.18 x 10-3 
30 3.15 x 10-3 
35 8 -6 .14 x 10 454 3.73 x 10-3 
45 13.7 x 10 -6 936 3.91 x 10-3 
54.5 21.7 x 10 -6 
55 1220 
. . 
6.4. THE IRREPRODUCIBILITY OF RATES AT VERY HIGH SULPHURIC ACID STRENGTHS 
Numerous determinations were made of the initial rate of 
nitration of chlorobenzene in sulphuric acid strengths· between 80 and 
90 per cent in the stirred cell. T'h'o methods \{ere employed. The 
first involved the determination of the rate of accumul.'ltion of 
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monofiitro -chlorobenzenes in the oreanic phase as described in 
Section 2.2(a), and Section 6.1. The second involved the estimatiori 
of the loss of nitric acid in the acid phase by a colorimetric 
determination based on the method devised by F.L. English40 • This 
involved the formation of a '-line red complex of ferrous nitrosyl 
sulphate \<hich \<as estimated spectrophotometrically. The modified 
procedure is fully described in the Appendix. Stirred cell nitrations 
'-lere performed at 25°C and 50 rev min -1 in all cases. Identical 
phase volumes of 20ml of organic and 170ml of acid l-lere used in both 
methods ~/ith a nitric acid concentration of 0.56 mol 1-1 •. In the 
case of the nitric acid determination, ho\<ever, 0.1 ml samples of the 
acid phase '-lere \<ithdra1rin, after momentarily stopping the stirrer, by 
means of a eraduated pipette fitted \<ith an all glass "Agla" syrinee. 
They ';ere dispensed into conical flasks containing 1.Oml of distilled 
I<ater, which satisfactorily quenched any reaction still taking place 
in the acid as \<ell as suitably diluting the nitric acid for the 
determination. 
Figure 21 sho>ls the results of some 30 runs performed >Iith 
the stirred cell in the range 80-90 per cent sulphuric acid. Both. 
methods of determination gave initial rates that shol<ed increasing 
irreproducibility as the sulphuric acid strength "as increased. 
Furthermore, at acid strengths greater than ca.81 per cent the organic 
phase was observed to go cloudy almost immediately after the start 
of the run I<ith the precipitation of a I<hite solid at or near the 
interface. The effect of stirrer position I<as also observed to become 
critical at this acid strength. Figure 22 shm,s the absorbance versus 
time plots for typical stirred cell runs in ca.84.50 per cent sulphuric 
acid ,·/here the depth of the stirrer beneath the interface Has changed 
during the course of the run from Imm to lcm and vice-versa. The 
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absorbance ,ras in each case due to the rnononitrochlorobenzene 
accumulation in the organic phase. It can be seen that as the stirrer 
\~as moved further belmr the interface so the rate decreased. As the 
stirrer Was moved up towards the interface so the rate increased. 
A similar run performed with 77.10 per cent sulphuric acid showed no 
significant change in rate of nitration. Furthermore, all initial 
rates determined up to an acid strength of ca.81 per cent showed good 
agreement >Tith previous data • 
. COMHENT 
. 6.5. SUMHA'rION OF ACTIVATION PARAMErERS FOR THE NITRATION OF 
CHLOROIlENZENE IN THE FAST REACTION REGD-lE 
The nitration of chlorobenzene in the stirred cell and stirred 
reactor in ca.80 per cent sulphuric acid is considered to tw{e place 
in the fast reaction regime. The rate of reaction should therefore 
be given by: 
................• 49 
T>ro means by which the equation may be tested experimentally are 
found in the comparison of the observed initial rate of nitration 
"i th the sum of the components on the right-hand-side of the equation 
and in the comparison of the overall activation energy with the sum 
of the individual activation parameters. The results shown in Table 16 
allow us to determine the validity of Equation 49 by both means. 
o -6 The initial rate of nitration observed at 25 C is 4.43 x 10 
mol 1-1 s -1 in excellent a(;reement '.-lith the value of 4.44 x 10-6mol 1-1 
-1 1 . 
s obtained by Cox in the same cell \~ith a sliGhtly higher stirring 
-1 0 
speed of 65 rev min • The solubility of chlorobenzene at 25 C, 
obtained by interpolation from a best line dralm throu(;h all the 
68. 
points in Table 16, is 3.0 x 10-3 mol 1-1• If the diffusivity of 
chlorobenzene in 79.80 per cent acid1 -6 is taken as 0.77 x 10 
cm2s-1 and the interfacial area per unit volume of acid is 
4 2 -3 0 0.202 cm cm ,these may be combined with the data at 25 C in 
bl 16 t ' d' t d ' 't' 1 t f 6.4 x 10-6 mol 1-1 s -1, Ta e 0 g1ve a pre 1C e 1n1 10. ra e 0 
in reasonable agreement 'Iith that observed. 
Arrhenius activation plots were constructed for the 
dependence of the initial rate of reaction in the stirred cell (Figure 
23), the second-order rate coefficient (Figure 24) and the 
solubili ty (Figure 25) on temperature. The first two plots shOl.ed 
g00d correlations to a straight line from which E 11 and R were 
overa K2 
estimated at 10.3 and 11.0 k cal mol-1 , respectively. The dependence 
of the solubility on temperature showed a much poorer correlation. 
This was due to the very small changes in solubili ty of 2-3 x 10-4 
mol 1-1 (ca.10 per cent) that resulted from a 50C change in 
temperature. The accuracy of the determination was estimated at 
+ 
-"3 per cent i.e. comparable to. the change being measured. The 
value of 6. H 1 obtained from the slope of the least-squares line 
SO 
through the points in Figure 25 is 3.1 ! 1 kcal mol-1 • This is of 
the same magnitude as obtained by Cox1 and Cerfontain et a130 
for similar aromatics at this acid strength. Furthermore, Cerfontain 
observed similar deviations in the value of the solubility and [;}! 1 
so 
obtained by a similar extraction procedure. 
The value of ~ is determined by the sum of tHO 
2 
activation terms: 
E = E/ +..6.Hf K2 K2 orm 
................ 50 
"here ~Hf is the heat of formation of nitronium ions from nitric orr1 
acid at·a particular sulphuric acid strength. The value of ~I 
2 
Fig.23 Dependence of the initial rate of nitration 
-10 - of chlorobenzene in the stirred cell on temperature. 
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varies with each aromatic whereas the other is independent of the 
substrate. The major contribution to the magnitude of To'. is,6.H f -k2 orm 
and this decreases with increasing acid strength. The extent to l-Ihich 
~Hform' and therefore Ek ' decreases is independent of the aromatic 
2 
sUbstrate and therefore affords a means by which the value of ~ 
2 
may be predicted for any aromatic, providing at least one value of 
Ek is known at a particular sulphuric acid strength. Figure 26 shows 
2 
values of Ek for a number of aromatics32 ,12 including chlorobenzene 
, 2 
in 70.2 and 67.5 per cent sulphuric acid. If a parallel decrease in 
the value of Ek. is assumed for each aromatic the predicted Ek 
2 2 -1 
for chlorobenzene in 79.45 per cent sulphUric acid is ca.ll kcal mol , 
in good agreement with our value. 
The activation parameters obtained allow us to estimate the 
value of ~, the diffusivity temperature coefficient for chlorobenzene 
in 79.80 per cent sulphuric acid, since: 
E 
overall + Ek) 2 +~H 1 .••••••••••••••• so 51 
Insertion of the values into Equation 51 yields a predicted value for 
4 -1 ~ of 3. kcal mol • Another estimate of this value 
obtained from independent experimental data reported by 
may be 
41 Fasullo • 
He gives values of the viscosity of aqueous sulphuric acid mixtures 
as a function of temperature over'a wide range of acid strengths. 
The diffusivity is related to the viscosity by the modified 11ilke-
Chang expression where simply: 
D = Constant x T ..••.••.••••••. 52 
HO>lever, as discussed in Section 1.7 the dependence of diffusivity 
on viscosity may be nearer -0.8 than -1.0 in this system and therefore 
a better approximation may be obtained by assuming: 
D = Constant x T 
~ 0.8 ....•.•••••.••• 53 
MA 
20 
15 
..-I~ 
o 
E 
-Cl 
u 
10 
Ugl.Q ~pen dence of Ek2 on the sulphuric acid 
strength for a number of aromatics 
66 68 70 . 72 
o Chlorobenzene 
• Fluorobenzene 
o p:-Dichlorobenzene 
74 76 78 80 
Table 17 shows values of the viscosity of 80 per cent sulphuric 
o 
acid over the temperature range 4.4 - 60 C together Hi th values of 
T at each temperature. 
'? 0.8 
straight line Hhich leads to 
A plot of ln T versus 1 gives a good 
~ 0.8 T -1 
an activation energy of 5.0 kcal mol 
This compares quite favourably with the value of 3.4 kcal mol-1 
above and goes some way towards confirming the validity of Equation 49 
for chlorobenzene under these conditions. The magnitude of ~ 
is of some interest, and should be commented upon, for it is somewhat 
higher than the values usually associated ,.n.th diffusion phenomena 
generally and42Hhich normally fall within the range 1-3 kcal. The 
value obtained from Fasullo's data may be compared with that for the 
viscosity activation energy 430f ,vater, "hich at oOe is 5.06 kcal and 
which is likewise rather high. The anomalous behaviour of water, and 
He suspect, concentrated sulphuric acid solutions, is explained43by 
the degree of hydrogen bonding th'lt ta.l(es place in these strongly 
D.ssociated media. Thus, an additional amount.of energy, the so called 
"structure activlltion energy" is required to break the hydrogen bonds. 
before flO\< of the liquid can occur. As the temperature of the solution 
is raised so the number of hydrogen bonds that have to be broken before 
flow can occur decreases and a lower activation energy is observed. 
The result is a non-linear Arrheniusplot over an extended temperature 
range. 
6.6 THE EFFECT OF PRECIPITATION OF NITROPRODUCTS FROM THE ORGANIC 
PHASE ON THE INITIAL RATE OF NITRATION IN THE STIRRED CELL 
There can be little doubt that the poor reproducibility of the 
stirred cell runs above ca.81 per cent sulphuric acid strength and the 
sudden critical dependence on the position of the stirrer are closely 
bound up ~lith the appearance of a ,·/hite precipitate at the interface. 
The precipitate can be assumed to consist of a mixture of mononitro-
71. 
TABLE 17. 
TENPERATURE VISCOSITY T/'>] 0·8 
IOc / cP IK cp- o.8 
4.4 35.6 15.9 
15.5 24.0 22.7 
26.7 16.6 31.7 
37.8 11.9 42.9 
48.9 8.8 56.6 
60.0 6.7 72.8 
chlorobenzenes, the products of the nitration, and their precipitation 
may be expected to have a considerable effect on the rate of mass 
transfer across the interface. TI;o factors are important. The 
first is that the precipitation out of solution of the product Io1ill 
decrease the absorbance measured in the organic phase. The second 
is that the precipitation of a solid near or at the interface effectively 
changes the system from a ·,liquid-liquid One to a solid-liquid one 
and this will affect the rate of mass transfer. 
The degree of precipitation is likely to be influenced by 
the extent to which the organic phase is agitated and the rate of 
accumulation·, of product in the organic phase i.e. the rate of 
chemical reaction. Thus, whelll the stirrer is moved dOlm from the 
interface further into the acid the organic phase above it becomes 
virtually stagnant, precipitation is encouraged and the rate of 
reaction decreases (Figure 22). Hhen the stirrer is brought up to 
the interface the process is reversed, the rate of reaction is increased 
and the precipitate already accu:;lUl~ted in the lower half of the 
orga.nic phase is rapidly s\o/ept into solution. This results in the 
sudden dramatic increase in absorbance observed under these conditions 
72. 
(Figure 22). The results of the experiments in "Ihich the rate of 
nitration was determined by the loss of nitric acid method shol" that 
a hio-fold effect is present since the same irreproducibility in 
the initial rate \'Ias observed as when the rates were determined by 
the accumul'atibn: of nitroproducts method. Thus, the precipitation 
genuinely affects the rate of nitration observed in the stirred cell 
as \'Iell as the rate of dissolution of the products into the organic 
phase. 
Under the conditions prevalent in the stirred cell the ni tro-
products, ~Ihen formed, ~lOuld be expected to remain at the bottom of 
the. organic phase, near to the interface ''Ii th the acid phase, because 
of their rather greater density compared to the substrate (Table 18). 
A three-layered system may be visualized \'Ihere the mass transfer of 
the substrate into the acid phase is severely reduced by' the presence 
of the solid products. This explanation for the results obtained 
l1ith chlorobenzene at very high rates of reaction accounts for the 
fact that \'Iith toluene the phenomenon "as not observed despite 
comparable rates of reaction having been measured. This is because all 
three mononitrochlorobenzene isomers are solid at 25°C (Table 18) but 
only the p-isomer is for toluene, and this accounts for only about 
one third of the total product. The problem severely limits the use 
of the stirred cell for the study of the nitration of chlorobenzene 
and emphasises the ineffectiveness of mechanical agitation in the 
system. 
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TABLE 18. 
AROI1ATIC HELTING POINT DEIlSITY 
jOc jg 01 -1 
Toluene 
-95 0.8669 
o-nitrotoluene 
-9.55 1.1629 
m-nitrotoluene 16 1.1571 
p-nitrotoluene 54.5 1.1038 
Chlorobenzene 
-45.6 1.1058 
o-nitrochlorobenzene 33.5-35 1.368 
m-nitrochlorobenzene 46 1.343 
p-nitrochlorobenzene 83.6 1.2979 
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DISCUSSION 
75. 
CRAPTER 7 
FACTORS AFFECTING THE RATE OF H:\SS TRAllSFER IN THE STIRRED CELL 
. The use of the stirred cell in the study of mass transfer 
with simultaneous reaction has one principal attraction in that the 
interfacial area is virtually constant and easily measurable and 
this allows values of the important parameters ~ and D to be 
estimated by application of Danckwerts' Surface Renewal Theory. 
Against this advantage, however, may be set the complications of 
turbulent flow and the effect of contamination of the interface 
which may appreciably affect the value of the mass transfer 
coefficient. Nevertheless, Cox and Strachan1 employed this system 
for the study of the nitration of toluene and chlorobenzene in mixed 
acid media with some success. In particular, they obtained 
what appeared to be a reasonable estimate of 2.8 x 10-3cm s-1 
for KL at 250 C ,Ii th chlorobenzene, an aromatic free of any kinetic 
complications at the sulphuric acid strengths studied. The value 
of ~ in the absence of chemical reaction in the stirred cell was, 
-4 -1 hOt'iever, some ten times lower than this at 1.73 x 10 cm s 
and considerably 10\;er than usually observed for the transport of 
organic liquids through water in stirred cell systems. Interest, 
therefore, centred on the factors that influence the rate of mass 
transfer in such systems. 
7.1. EHPIRICAL COR.'TI:LATIONS 
Most of the work on the factors affecting the value of ~ 
in the stirred cell has been performed in the absence of chemical 
reaction by the unhindered observation of the transfer of one phase 
into another. Typically, Blokker36employed Cl thermostatted cylindrical 
transfer cell in ,;hich the two phases were independently stirred 
by counter-rotating paddles situated near to the centre. At the 
stirrer speed used (120 rev min-1 ) only a slight undulation of 
the interface was produced. 'rhe transfer coefficients "'ere 
determined either by measuring the change in conductivity of one 
of the phases or by sampling and analysing one or both of the 
phases after certain intervals of time. Le\-lis employed a similar 
set up but was able to standardise the degree of turbulence by 
restricting the interface to an annular gap between a central and 
peripheral baffle. 
4l} 
Lewis found that the results of his ;,ork on systems, 
diagrammatically represented in Figure 27 (a), obeyed the empirical 
la\'!: 
\"here subscripts 1 and 2 refer to the two liquid phases, 1 is the 
viscosi ty, V is the kinematic viscosity (denoted by 7/;' , in 
cm2s -1) and Re is the Reynolds nUr:1ber (defined by L 2N/;) , ~,here L is 
the tip-to-tip length of the stirrer blades and N is the number of 
revalutions of the stirrer per second). The correlation has 
received considerable criticism despite being numerically satisfactory 
to ! 40 per cent. The principal argument is "dth the absence of a 
term run D1, the diffusivity of the transporting species through 
phase 1. 
A more satisfactory correlation45 for the mass transfer across 
a clean surface in a stirred cell is: 
(Rc1Re2 )0.5 ('7~'71)1.9 (0:6 +]17 
(Sch'
1 
)5/6 
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Fig. 27 (a) Diagrammatic rep resentatlon of the sti rred 
cell system used by Lewis. 
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"here Sch. is the Schmidt number defined as \) /D. ,This correlation, 
"hich is 
suggests 
accurate in predicting values of kL to ! 40 per cent, 
that kT is dependent on D1/6 in the stirred cell and not 
.u 
_L 
D2 as predicted by Danck"erts' Surface Renewal Theory. 
The dependence of IT, on the diffusivity is a useful 
indication of the mode of mass transfer in a system. Lewis and 
Whitman's Film TheOry46predicts a dependence on diffusivity to 
the 'first pOI'ler across a stagnant film of liquid near to the 
interface. Under these conditions the rate of mass transfer is 
governed by: 
~ A dt = a k:r, Ll C ..•......... 
where * is the rate of mass transfer of material, a is the 
interfacial area and6 c is the difference beb~een the concentration 
of solute at the interface and in the bulk. The mass transfer 
coefficient is defined as: 
D 
b.x ••........•.. 
where t:,. x is the thickness of the laminar sub layer : or stagnant 
film. 
57 
If, however, there is an extreme of turbulence and eddies of 
fresh solution are rapidly swept into the immediate vicinity of the 
interface, neither the laminar sub layer nor a stationary surface can 
exist. In this case the diffusion path becomes SO short that 
diffusion is no longer rate-controlling and the rate of mass transfer 
is governed by: 
78. 
~ 
dt = a v 6c n ............ 
"here v is the mean velocity of the liquid normal to the interface 
n 
and equal to~. The latter is nOli independent of the diffusivity. 
The theory of Danck"erts predicts an intermediate dependence 
1 
bet"een these t,;o extremes of D;r and mass transfer is visualised to 
take place by the continual replacement of surface elements from 
the 'bulk of the continuous phase by eddy diffusion. The validity 
of the Danckl;erts model has been proved experimentally for such 
systems as gas adsorption in packed columns "here short contact 
times of the !ias with a turbulent liquid are encountered. In the 
case of the stirred cell, the dependence of kL on D1/6 in Equation 
55 suggests that "hen the surface is uncontaminated the replacement 
by turbulent no\< of elements of liquid in the surface is very 
important and that molecular diffusion from these elements occurs 
over a very short distance. On this evidence successful application 
of Danclaierts theory to the stirred cell data obtained by Cox and 
strachan might seem doubtful. 
More recent "ork in this field, however, indicates that the 
mass transfer coefficient does depend upon the square root of the 
diffusion coefficient. HcNanamey et.al. 47 determined the ~Iater phase 
m~ss transfer coefficient for the diffusion of helium and iso-butane 
from "ater to toluene and dekalin in a transfer cell similar to that 
of Lewis 4lf. Huch of the early work on mass transfer coefficients 
was based on rates of mutual saturation of binary liquid systems, 
and the variations in D were obtained by changing the liquids, with 
a consequent alteration in viscosity. Because the diffusion 
coefficient and viscosity are inter-related, their effects on the 
79. 
mass transfer coefficient are difficult to separate. Hcl1anamey's 
three component system, "lith the transfer of solutes with differing 
diffusi vities behleen tHO liquid phases, allo",ed the influence of 
D to be estimated directly. The use of helium, \-lith a diffusivity 
of 6.3 X 10-5cm2 s-1, and iso-butane, with a diffusivity of 
1.0 x 10-\m2 s -1, allO\;ed a relatively large variation in ~ 
to be achieved from which the mean exponent on D was estimated at 0.45. 
This >lork lends added weight to the values of ~ obtained by Cox 
and Strachan by the application of the Danckwerts equation to their 
stirred cell system. 
The exact dependence of ~ on the viscosity of each phase 
is rather more difficult to estimate. It exerts its influence 
principally through its appearance in the Reynolds and Schmidt 
number terms in empirical correlations. Equation 55 allows us to 
mcl<e some estimate of the effect of viscosity on the value of kL 
observed in a stirred cell system such as ours, when phase 1 is 
changed from one of pure ,~ater to one of 80 per cent sulphuric acid. 
If we consider that during this change the physical parameters such 
as If and L remain constant and phase 2 remains the same i.e. toluene, 
"lith a constant viscosity48 ' "7 2' of 0.59cP at 20oC, then: 
( 
1 )1.9( )-2.4(. )5/6 
- 0.6 +~ ~ ~1 71? 1 D1 ...•. 59 
The variables may be grouped such that: 
•..•• 60 
\lThen the values of D1 y?1 and71 for pure water, or dilute aqueous 
solutions, and 80 per cent sulphuric acid, shoHn in Table 19, are 
80. 
inserted into the proportionality the overall decrease in kL 
due to the change of these parameters is estimated at ca.l~. The 
individual contributions to the decrease due to the variables 
D1 'r 1 and ")1 are 1.5, 1.2 and 21, respectively which suggests 
that the principal factor in the determination of kL is probably 
the viscosity. Clearly, this can only be an approximate guide 
1 
to the individual effects, the dependence of kL on D"- in 
accordance \~ith the observations of HcHanamey would mean the 
estimate of 1.5 is probably somewhat low. Nevertheless, the empirical 
correlation easily accounts for the 10\< values of ~ obtained for 
chlorobenzene and toluene in the absence of chemical reaction 
compared to those obtained in aqueous system~, Typically, Blokker36 
cm s 
observed values of 2.60 and 2.14 x 10-3,.( for the transport of ethyl 
acetate and isobutanol in \;ater at 250 C, some ten times greater 
than that observed in 70-80 per cent sulphuric acid. 
TABLE 19. 
PJlRAHETER AQUEOUS HEDIUH TEl1P/oC 8ahH SOlL TEl'1P/oC 
2 -1 Dlcm s -5 1.0 x 10 ,ref.35 30 
~-6 0.8 x 10 ,ref.l. 20 
11',/ - -1 1 g ml _ 1.0, ref. 48. 20 1.73, ref. 48. 20 
,lcP 0.86, ref. 41. 26.7 16.6, ref. 41. 26.7 
An alternative explanation for the lower intrinsic value of 
~ obtained in our stirred cell system compared to Blokker's may be 
:ound in the differences in physical set up between the two. The 
influence of a change in vessel geometry or shape of stirrer is 
difficult to assess. However, the principal difference betl<een the 
two systems is the use, by Blokker, of tuo-counter rotating paddles 
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for the individual a~itation of both phases. The effect of the 
additional stirrer may well be si~ificant. The effectiveness 
of stirring in the system is measured by the Reynolds number, 
which represents the ratio of inertial forces to viscous forces 
in the liquid, and is dependent on the stirrer intensity, f, given 
2 by L N. It is an important group and is used as an indicator 
for the existence of turbulent or laminar flO\~. According to Equation 
55 kL is dependent upon the Reynolds numbers of both phases 
equally and thus the absence of a stirrer in the organic phase in 
our system is likely to effect the ma~itude of k L• Re2 can 
n~ver reach zero, since this would lead to a value of kL equal to 
zero, therefore mechanical agitation of the lower phase (phase 1) 
must induce some degree of agitation in the phase above it due to 
the shearing forces applied through the interface. The effect of 
shear manifests itself in the familiar waves and undulations observed 
in these systems. The results of the experiments with chlorobenzene 
at high sulphuric acid stren~ths, where poor a~itation of the 
organic phase ~Ias thought to be the cause of a stratification of 
product and reactant in the organic phase (Section 6.6), suggest, 
hOI<ever, that in this system the degree of turbulence, transmitted 
to the organic phase may be rather low. To clarify this point, and 
therefore determine the extent to which stirring of the organic 
phase affects the value of kt' it is suggested that a series of mass 
transfer runs be performed .dth toluene or chlorobenzene in concentrated 
sulphuric acid utilizing a set up similar to Blokker's, Hith both 
phases being individually stirred by counter-rotating paddles. 
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7.2. INTERFACIAL TURBULENCE 
Despite the lack of any definitive fundamental theoretical 
treatment for results obtained from a stirred cell system, the 
importance of the replacement by turbulent flow of surface eler.1ents 
is unquestionable. In fact, the continual replacement of liquid 
is readily visible when talc particles are sprinkled on the 
surface of a liquid. The nature of this interfacial turbulence or 
convection is of considerable interest to chemical engineers since 
the movement at the interface and its vicinity changes the 
resistance to mass trQnsfer and thus the mass transfer coefficient. 
T!le effect of interfacial turbulence on the interfacial area, and 
hence the rate of mass transfer, is also important, although this is 
not significant when the depths of the phases between '<Thich mass 
tra~fer takes place are large in comparison to the thickness of 
the layers subjected to interfacial movement. This is probably 
true in the case of the stirred cell. 
If h10 liquids are brought into contact ,~ith one another in 
the absence of any external agitation mass transfer will occur. 
The process will never be uniform, however, and localized areas of 
lower interfacial tension will appear resulting in a movement of 
liquid initially parallel to the interface and then moving away from 
it. The interface is simultaneously being replaced by fresh liquid 
from the bulk and this leads to the formation of convection or roll 
cells. Figure 27(b) is a diagrammatic representation of a part of 
the interface and shows the movement of liquid near to it. The 
factors that determine the growth and persistence of these roll 
cells and the speed of the convection process are numerous. The 
essential prerequisite is, however, the existence of a concentration 
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(or temperature) gradient leadinG to an interfacial tension gradient 
across the interface. 
A mathematical treatment of the hydrodynamics of this 
spontaneous interfacial convection process has been laid out by 
Sternling and Scriven1f9 ,50,51• They have considered the conditions 
under which a fluctuation in the surface tension during mass 
transfer can build up into a macroscopic eddy. They suggest that 
surface eddying leading to improved mass transfer "ill be promoted 
by: 
(a) Solute transfer from the phase of higher viscosity and lower 
diffusivity. 
(b) Large differences in D and V between the t"IO phases. 
(c) Steep concentration differences near the interface. 
(d) A large decrease in interfacial tension ,;i th concentration 
of solute. 
(e) The absence of surface active agents.· 
(f) A large interfacial area. 
Clearly, in the stirred cell nitration of chlorobenzene 
or tolue~e, not all of these factors are important. An explanation 
for the increased ~ value obtained when chemical reaction is tw<ing 
place compared to when it is not is sought, however, and therefore 
the factors of principal interest are those that might be expected 
to change when chemical reaction ta~es place. Three factors may be 
isolated. The first is the effect of increasing concentration 
Gradient with rate of reaction. At 101. rates of reaction, or in the 
absence of it, the concentration gradient of aromatic on the acid 
side of the interface is small. On increasing chemical reaction[ddc ) 
x x=O 
becomes steeper as shown in Figure 3(c). It should be pointed out 
that the above concentration gradient is that normal to the interface 
• • 
and not parallel Hith it; as indicated by FiGure 27(b). Hovlever, 
since the movement of the roll cells is circular, both concentration 
gradients might be expected to have an influence on the speed of 
convection. 
The second effect is the production of surface active agents, 
in the form of the nitroaromatic products of the reaction, at the 
interface. This might be expected to have the opposite effect to 
the above and mass transfer would be reduced mainly due to a damping 
of interfacial turbulence by a thin film of nitro-product36• To 
counterbalance this is the effect of the change in intefacial tension 
I<ith concentration of solute. The third factor, not mentioned above, 
is the presence of a temperature gradient at the interface due to 
the high exothermicity of nitration. This might be expected to 
indirectly increase the value of kL by its influence on the viscosity. 
In the case of the stirred cell the rate of reQction is slol< and 
the rate of heat production 101< in the bulk of the acid phase. The 
temperature at the interface may be considerably greater than in the 
bulk, however. A quantitative assessment of the influence of the 
above factors is not possible. The overall effect is nevertheless 
quite clear; chemical reaction improves surface rene\"al at the inter-
face in the stirred cell and compensates for the intrinsically low 
values of ~ observed in the absence of chemical reaction. The 
phenomenon is entirely consistent with the concept of surface renewal 
taking place by interfacial convection and the continual replacement 
of surface elements by eddy currents. 
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7.3. CONCLUSION. 
'rhe discussion above accurately reflects the ,complicated 
nature of mass transfer in stirred cell systems. Despite empirical 
correlations and theoretical equations this sY§ltem still lacks a 
general treatment and each set up should be considered separately. 
The exact influence of each variable on mass transfer under all 
conditions may not be possible. However, indications are that the 
1 
dependence of ~ on rj2: in this system, similar to that observed 
in the packed column and stirred reactor, permits the use of 
Danckwerts' Surface Renewal Theory in the interpretation of the 
results. Considerable care must nevertheless be taken in the 
elucidation of values of ~ obtained in the presence of appreciable 
chemical reaction. The value of ~ cannot be t~<en as constant for 
all rates of chemical reaction. The use of the stirred cell at very 
fast rates of reaction can lead to problems connected with the 
accuclUlition of products near to the interface. The use of a stirred 
cell in which both liquid phases are agitated may overcome this 
problem and this is strongly recommended for future work. 
CH!,PTER 8 
ZEROTH-ORDER KINETICS AND THE NECllANISH OF NITRATION. 
8.1. THE KINETIC FOIDI OF NITR~TION IN ORG:\NIC SOLVEIITS. 
Our knowledge of the mechanism of nitration in organic 
solvents such as nitromethane and acetic acid is largely due to the 
\·/Ork of Ingold and his collaborators. They "ere the first to 
observe the characteristic kinetic features of the reaction and 
correctly interpret them in terms of the nitronium ion mechanism. 
This mechanism was first proposed by Euler in 1903. but it was not 
until 1946 that existence of the nitronium ion was proved conclusively 
and its effectiveness as the electrophilic species in nitration 
clearly established. 
8.2. TIlE EXISTENCE OF THE NITRONIUl1 ION. 
The existence of the nitronium ion has been proved in three 
;rays ;rhich do not depend on its behaviour in the nitration process: 
.(a) A study of the effect of nitric acid on the freezing point 
of sulphuric acid indicates that the observed depression is approximately 
four times that of an ideal sOlute52• This points to the existence 
of an equilibrium whereby nitric acid is transformed into nitronium 
ions in accordance with the following: 
............ 61 
(b) The nitronium ion has been identified in the Raman 
spectra of nitric acid in sulphuric acid53 •54• A band at 1400 cm-1 
is attributed to the nitronium ion while a band at 1050 cm-1 is 
due to the bisulphate ion. formed simultaneously with the nitronium 
ion as indicated by the above equilibrium. The intensity of the 
bands are strongly dependent on the sulphuric acid strength and e~e 
not detectable belo;, acid strengths of 85 per cent. 
(c) Nitric acid and perchloric acid react5\o fom solid, 
+ -salt-like ni tronium and hydroxonium perchlorates (N02 ) (CI04) 
and (H
3
0)+ (CI04)-. The nitroniurn ion salt may be obtained pure 
and its structure has been determined by X-ray crystallography56. 
8.3. THE EFFECTIVENESS OF THE NITRONIUH ION. 
The existence of the nitronium ion is not, however, proof 
of its effectiveness in the nitration process. For this we turn 
to the results of the kinetic studies performed by Ingold and his 
collaborators. They observed several characteristic features of 
the reaction: 
(a) The rates of nitration of benzene, toluene and ethyl-
betizene in solutions of nitric acid 'in nitromethane571<ere observed 
to be independent of the concentration of aromatic substrate. i.e. 
zeroth-order with respect to aromatic. This clearly indicates that 
nitration proceeds through a slow formation of a reactive intermediate. 
Under conditions in which benzene and its homologues were nitrated 
at the zeroth-order rate, the reactions of the halogenobenzenes 
obeyed no simple kinetic lal~ whereas the nitration of p-dichloro-
benzene58."as fully dependent on the first po."er of the concentration 
of aromatic. Nitration in acetic acid58 , sulpholan59and carbon 
. 60 61 62 tetrachlorl.de .' , ,shoued similar kinetic phenomena and discounts 
the possibility of the results being explained on the basis of 
solvent effects. The zeroth-order rate ,,,as found to depend on the 
character of the organic solvent. Since the rate, under these 
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conditions, is dependent upon the heterolysis of nitric acid, 
involving the generation of ions from neutral molecules, it is 
accelerated by an increase in the polarity of the medium. Thus, 
both acetic acid and sulpholan closely resemble each other and are 
both "slower" solvents than nitromethane. It is not possible to 
give more than this qualitative description because of the 
difficulty in assessing the polarity of the medium from its macroscopic 
physical properties. 
(b) Very small amounts of nitrate ions strongly retard the 
zeroth-order rate I<ithout modification of the kinetic form. This 
in an important observation for i t ShO~IS that the formation of 
nitronium ions, I<hich is rate controlling under these conditions, 
must itself consist of h~o steps. The first (Equation 1), providing 
nitrate ions, is easily reversible I<hereas the second (Equation 2) is 
poorly reversible, since under zeroth-order conditions the aromatic 
substrate traps the nitronium ions as soon as.they are formed. A 
pre-equilibrium step must therefore exist and this leads to the 
postulation of the separate existence of the nitric acidium ion, 
H21!03 +. 
(c) The addition of \-Iater has negligible effect on the 
zeroth-order rate but the addition of sufficiently large quantities 
causes the zeroth-order kinetics to be displaced by first-order 
kinetics. This confirms the suggestion that \~ater is not produced 
in the easily reversible first step but in the second step, \-IHh 
the simultaneous production of the electrophilic species. 
The final stage in the nitration of aromatics, reaction 
of the electrophilic species with the aromatic substrate,is similarly 
well understood. The accepted theory likewise involves the 
postulation of tI~o staGes, a slow uptake of ni tronium ion being 
follo\1ed by rapid transfer of a proton. Since the rate-determining 
step is bimolecular the mechanism is labelled SEF: 
N0
2
+ slo\1 /I! + ArH ) At; ......... 
""" NO 2 
H 
+/ 
-Ar + A fast ) ArN02 + IlA .......... 
" N02 
The intermediate cation, the so called l'iheland intermediate, is 
nOl' well substantiated on theoretical grounds 63. 
62 
63 
Thus, through the elegant \~ork of Ingold and his collaborators, 
the effectiveness of the nitronium ion mechanism in organic solvents 
is '.<ell established. 
8.4. THE HECIl~NISH OF NITRATIOn IN THE HIXED ACID SYSTD! 
Surprisingly, no comparable kinetic evidence for the 
existence of the nitronium ion mechanism in mixed acid systems, 
such as used in the industrial mononitration of aromatics, has been 
reported13• This is undoubtedly due to the very 10l~ solubili ties 
of aromatics in aqueous sulphuric and nitric acid solutions. 
Some investigators64have suggested that nitronium ions may not 
exist in the relatively weruc mixed acids normally used for the 
nitration of reactive aromatics such as toluene, benzene and phenol. 
13untin et a165 considered tha.t the nitrosonium ion, NO+, may be 
the active nitrating agent under these conditions. The observation 
of the principal kinetic feature of the nitronium ion nech:mism 
in the ni trD.tion of toluene and o-xylene in the range 70-80 per 
cent sulphuric <lcid is of some importance, therefore. It confirms 
the effectiveness of the nitronium ion as the electrophilic species 
under commercial nitrating conditions. 
The phenomenon of zeroth-order kinetics is observed at the 
limit of observation by the stopped-flow technique in the homogeneous 
system and with virtually saturation concentrations of aromatic in 
the acid. The process is promoted by a high reactivity and 
solubility of the aromatic but both factors are severely limited. 
The possibility of obtaining zeroth-order kinetics with benzene as 
substrate should be reasonable due to the somewhat higher solubility, 
although rather high sulphuric acid strengths would be necessary. 
The observation of the phenomenon with chlorobenzene is less likely 
due to its 10\. reactivity. The use of very reactive substrates 
.such as mesitylene is counterbalanced by the effect of encounter 
. I 
control on the value of k2 obtainable and the 101. solubilities 
often encountered. There is a possibility of increasing the 
solubility possible by increasing the temperature at which runs 
are performed. This might lead to more accurate values of k1 • 
8.5. THE INDUSTRIAL NITRATION OF AROHATICS. 
The onset of zeroth-order behaviour in the homogeneous 
system results in a suppression of the rate of nitration in the two 
phase mixed acid system belo;/ that predicted assuming first-order 
kinetics. This suppression comes on top of the already suppressed 
rate of nitration for reactive aromatics, due to the onset of 
encounter control, and accounts for the plant operating experience 
which shows that benzene Can be ni tr'ated in a continuous plant 
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desisned for toluene with only very minor changes in conditions13 • 
Furthermore, the exact knowledge of the mechanism of nitration in 
the two phase system allo'.;s us to 100% at earlier >Iork on the 
subject in a new light., Previous 'Iork on the reaction in miniature 
continuous and batch reactors involved the empirical correlation of 
rate data due to the lack of any real theoretical model. This 
work can now be reassessed in terms of Danckwerts' Surface Renewal 
Theory and the nitronium ion mechanism. In particular, the extensive 
data of I1cKinley and Hhite9for the nitration of toluene in a continuous 
flO\; system could yield much useful information for future plant 
design. 
8.6. CONCLUSION. 
The anomalous features of toluene nitration at hie;h 
sulphuric acid strensths in the stirred reactor and stirred cell 
have been accounted fur by consideration of a chanseover in rate 
determining step in the hornoseneous system. This nO\< brinss 
the results of toluene obtained by Cox into line with those of 
chlorobenzene. Both aromatics may now be suitably treated by 
Danckl;erts' Theory of Hass Transfer. In this respect an important 
aim of this thesis has been achieved. 
Nitration, despite having been studied from a kinetic 
standpoint for the best part of a century, still remains a rich 
source of interest for the organic-physical chemist and chemical 
engineer. Throughout the course of this I'lork several points of interest 
have been raised con!lected with nitration generally which sugsest 
further areas of work as follO\;s: 
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(a) Additional determinations of the value of k1 ,·/Ould 
seem desirable. In particular, providinc; accurate values of k1 
could be obtained, it would be of interest to obtain an estimate 
of the activation energy for the ionization of nitric acid to 
nitronium ions. Similarly, an accurate correlation of k1 with 
sulphuric acid strength '-Tould allo;T predictions and extrapolations 
of the value of k1 to be made at other acid strengths. The values 
of k1 obtained from kinetic data could be confirmed by means of a 
relaxation technique such as the temperature jump method. This 
would involve the sudden displacement of the equilibrium bet«een 
nitric acid and nitronium ions. The rate of restoration of the 
equilibrium may then be follO\ved and will always obey a first-order 
kinetic 10.« from "Thich the relaxation time may be estimated. This 
is related to the bacbvard and forward rate coefficients for the 
equilibrium a~d may be used to obtain estimates of them. 
(b) The problem of simultaneous mononitration and 
dinitration has received little attention. This is of some 
industrial significance since dinitro-products are an impurity and 
should be minimized. HcKinley and \fui te9 ~bserved generally 
insignificant amounts of dinitrotoluene in their mononitration 
process. However, in two runs appreciable amounts of dinitro-
products were formed coinciding with rather higher nitric acid 
concentrations in the acid feed. Since, under these conditions, 
toluene «as not observed in the organic product stream they concluded 
that dinitrotoluene is not produced under steady-state conditions 
until the mononitration of toluene is substantially complete. Plant 
experience indicates, hO\vever, that substantial dini tration may Hell 
occur at the beginning of the run when the nitric acid concentration 
is at a maximum. This brings into doubt the consequetive nature 
of the dinitration process. It would be of interest to establish 
whether the concentration of nitric acid affects the relative 
rates of mono and dinitration in a stirred reactor and in fact 
\o/hether this relative rate agrees \o/ith that predicted assuming 
the individual rates of nitration of aromatic and mononitroaromatic. 
(c) The study of the side reactions of nitration, particularly 
oxidation reactions, has already received attention66• Interest 
Was orgiinally aroused by the appearance of colours in both organic 
and acid phases. Most of the main products of the reactions have 
been identified and a mechanism postUlated for their production. 
This involves the attack of the aromatic through the oxygen on the 
nitronium ion to form an aryl nitrite which further reacts to give 
phenols. The evidence for the existence of these aryl nitrites is, 
IJ.S far as \1e can see, rather speculative and the mechanism likewise. 
Nevertheless, the extent to \'Ihich oxidation takes place and competes 
t<ith nitration is of some com",ercial importance and is conveniently 
moni tored by the rate of formation of nitrous acid which is formed 
in equimolar quantities with the by-products. The ratio of by-
products to ni troaromatics formed has been deterroined for a number 
of aromatics but requires further study sO that the factors that 
affect the relati'Te ease of oxygen and nitrogen attack of the 
nitronium ion may be elucidated. 
(d) Finally, the effect of a most important parameter, / a , 
the interfacial area per unit volume of acid phase, in the nitration 
of aromatics in stirred reactors, has received little or no interest. 
Clearly, the optimization of this parameter is ir.Jportant. It "ould 
thus seem desirable to obtain a measure of this p~ameter vi~ the 
mean drop diameter under a wide variety of conditions in a stirred 
reactor. This could be done by means of fast speed cine photography 
which would also afford a means by which the production, break-up 
and coalescence of drops could be studied. The effect of the 
change of organic phase composition, from one of pure substrate 
to one of nearly pure mononitrated substrate, on the drop size 
might be investigated. 
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APPElIDIX 
THE DETERHINA'rION OF NITRIC ACID IN SULPHURIC ACID BY A 
COLORmETRIC HErHOD 
SOLUTION OF IRON REAGENT 
FeS04 (~~4)2S04.6H20 (20g) dissolved in 100 ml of 
10 per cent (V/V) aqueous sulphuric acid and filtered. 
PROCEDURE 
A 0.1 ml quantity of the spent acid ~laS pipetted into 1.Oml 
of distilled water in a 25 ml conical flask. This \'1as cooled 
in an ice bath and 1.Oml of the iron reagent run in followed by 
12.5 ml of 5:1 (V/V) sulphuric acid with swirling and cooling. 
The latter \oIas added slo\'11y at first so as not to let the 
o temperature exceed 25 C. A \'line red colour developed which \'laS 
stable up to 20 minutes. The absorbance was measured at 515nm, 
as soon as possible after the addition of the acid, against a 5:1 
sulphuric acid blank. Figure 28 shows a plot of absorbance versus 
time for a number of standard solutions of nitric acid in ca.70 
per cent sulphuric acid. A linear correlation was observed up to 
0.56 mol 1-1 nitric acid, the concentration at which the stirred 
cell runs were performed. 
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Fig.28 Plot of absorbance versus [HN031 
for the determination of nitric acid 
In sulphuric acid. 
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